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TITLE OF THE INVENTION 

Semiconductor Laser Device 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

The present invention relates to a semiconductor laser 
device having a current blocking layer. 

Description of the Prior Art 

10 A refractive index guided semiconductor laser device 

supplied with refractive index difference in a direction 
parallel to an active layer for forming a light guide is 
developed in general. Fig. 34 is a typical sectional view 
showing a conventional semiconductor laser device 120 

15 described in Japanese Patent Laying-Open No. 8-222801 (1996). 

In the semiconductor laser device 120 shown in Fig. 34, 
an n-type cladding layer 122, an active layer 123, a p-type 
cladding layer 124 and a p-type contact layer 127 are 
successively formed on an n-type substrate 121, and the p- 

20 type contact layer 127 and the p-type cladding layer 124 are 
etched for forming flat portions on a ridge portion and on both 
sides of the ridge portion. 

Further, a first current blocking layer 12 5 having a low 
carrier concentration is formed on the flat portions of the 

25 p-type cladding layer 124 located on both sides of the ridge 
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portion, and an n-type current blocking layer 126 is formed 
on the first current blocking layer 125 having a low carrier 
concentration. A p-type contact layer 128 is formed on the 
p-type contact layer 127 and the n-type current blocking layer 
5 126 . 

When the semiconductor laser device 120 is driven, a 
reverse bias voltage is applied to a p-n junction between the 
n-type current blocking layer 126 and the p-type cladding layer 
124. Thus, the n-type current blocking layer 126 cuts off a 

10 current so that the current is injected into the ridge portion 
in a narrowed state. 

In general, a p-n junction formed between an n-type 
current blocking layer and a p-type cladding layer has large 
electric capacitance, and hence serves as a factor inhibiting 

15 high-speed operation of a semiconductor laser device. The 
electric capacitance of the p-n junction is increased as the 
carrier concentration in this p-n junction is increased. 

Therefore, the semiconductor laser device 120 shown in 
Fig .34 is provided with the current blocking layer 125 having 

20 a low carrier concentration, in order to reduce the electric 
capacitance in the p-n junction between the n-type current 
blocking layer 126 and the p-type cladding layer 124. 

This current blocking layer 12 5 has a lower carrier 
concentration than the n-type current blocking layer 126. 

25 Therefore, the current blocking layer 125 having a low carrier 



3 



concentration defines a depletion region in the p-n junction 
between the n-type current blocking layer 126 and the p-type 
cladding layer 124, for reducing the electric capacitance - 
Thus, the semiconductor laser device 120 is enabled to operate 
5 at a high frequency. 

In the semiconductor laser device 120 having the current 
blocking layer 125 of a low carrier concentration having a 
narrower band gap than the p-type cladding layer 124, however, 
valence bands of the p-type cladding layer 124 and the current 

10 blocking layer 125 of a low carrier concentration have energy 
band structures shown in Fig. 35. 

Fig. 35 is a model diagram showing the energy band 
structures of the valence bands of the p-type cladding layer 
124 and the current blocking layer 125 having a low carrier 

15 concentration. As shown in Fig. 35, the band gap of the current 
blocking layer 125 having a low carrier concentration is 
sufficiently smaller than the band gap of the p-type cladding 
layer 124, and hence carriers are readily injected from the 
p-type cladding layer 124 into the current blocking layer 12 5 

20 having a low carrier concentration and stored therein. 
Consequently, since depletion of the p-n junction between the 
n-type current blocking layer 126 and the p-type cladding layer 
124 is inhibited, electric capacitance between the current 
blocking layer 12 5 having a low carrier concentration and the 

25 p-type cladding layer 124 is increased. Therefore, the 
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operating speed, of the semiconductor laser device 120 cannot 
be sufficiently increased. 

SUMMARY OF THE INVENTION 
5 An object of the present invention is to provide a 

semiconductor laser device sufficiently Increased in operating 
speed. 

A semiconductor laser device according to an aspect of 
the present Invention comprises an active layer, a first 

10 cladding layer of a first conduction type provided on the active 
layer, a current blocking layer of a second conduction type 
provided on the first cladding layer except a current injection 
region, a low carrier concentration layer provided on the side 
of the current blocking layer between the first cladding layer 

15 and the current blocking layer and having a lower carrier 
concentration than the current blocking layer and a depletion 
enhancement layer provided on the side of the first cladding 
layer between the first cladding layer and the current blocking 
layer for inhibiting storage of carriers in the low carrier 

20 concentration layer. 

In the semiconductor laser device, the depletion 
enhancement layer inhibits storage of carriers from the first 
cladding layer into the low carrier concentration layer . Thus , 
the low carrier concentration layer is kept in a depleted state. 

25 Therefore, electric capacitance between the current blocking 
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layer and the first cladding layer is kept small for 
sufficiently increasing the operating speed of the 
semiconductor laser device. 

The band gaps of the first cladding layer, the depletion 
5 enhancement layer and the low carrier concentration layer may 
be reduced in this order. 

Thus, the depletion enhancement layer having an 
intermediate band gap is provided between the first cladding 
layer having a large band gap and the low carrier concentration 
10 layer having a small band gap. 

In this case, the band offset between the first cladding 
layer and the depletion enhancement layer is smaller than the 
band offset between the first cladding layer and the low carrier 
concentration layer, whereby carriers are hardly injected from 
15 the first cladding layer into the depletion enhancement layer 
while carriers are more hardly injected into the low carrier 
concentration layer. Further, the carriers are injected from 
the first cladding layer into both of the low carrier 
concentration layer and the depletion enhancement layer in a 
20 divided manner, whereby the quantity of carriers stored in the 
low carrier concentration layer is reduced. Thus, storage of 
carriers in the low carrier concentration layer can be 
inhibited by the simple structure of setting the band gap of 
the depletion enhancement layer to the intermediate level 
25 between the low carrier concentration layer and the first 



6 



cladding layer . 

The first cladding layer may have a flat portion formed 
on the active layer and a ridge portion formed on the flat 
portion in the current injection region, the depletion 
5 enhancement layer may be formed on the flat portion located 
on both sides of the ridge portion and on the side surfaces 
of the ridge portion, and the low carrier concentration layer 
and the current blocking layer may be successively formed on 
the depletion enhancement layer. 
10 In this case, the depletion enhancement layer inhibits 

storage of carriers from the flat portion of the first cladding 
layer into the low carrier concentration layer. Thus, the low 
carrier concentration layer is kept in the depleted state, and 
the electric capacitance between the flat portion of the first 
15 cladding layer and the current blocking layer is kept small. 

The thickness of the depletion enhancement layer is 
preferably at least 10 nm. Thus, the semiconductor laser 
device is more improved in high-frequency characteristic. 

The thickness of the depletion enhancement layer is 
20 preferably at least 15 nm. Thus, the semiconductor laser 
device is further improved in high-frequency characteristic. 

The semiconductor laser device may further comprise a 
ridge-shaped second cladding layer of a first conduction type 
provided on the depletion enhancement layer in the current 
25 injection region, the depletion enhancement layer may be formed 
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on the first cladding layer, and the lower carrier 
concentration layer and the current blocking layer may be 
successively formed on the depletion enhancement layer located 
on both sides of the second cladding layer and on the side 

5 surfaces of the second cladding layer. 

In this case, the depletion enhancement layer inhibits 
storage of carriers from the first cladding layer into the low 
carrier concentration layer. Thus, the low carrier 
concentration layer Is kept in the depleted state and the 

10 electric capacitance between the first cladding layer and the 
current blocking layer is kept small . 

The thickness of the depletion enhancement layer is 
preferably at least 15 nm. Thus, the semiconductor laser 
device is more improved in high-frequency characteristic. 

15 The thickness of the depletion enhancement layer is 

preferably at least 20 nm. Thus, the semiconductor laser 
device is further improved in high-frequency characteristic. 

The depletion enhancement layer, the low carrier 
concentration layer and the current blocking layer may be 

20 successively formed on the first cladding layer except the 
current injection region, and the semiconductor laser device 
may further comprise a second cladding layer of a first 
conduction type provided to fill up a space enclosed with the 
side surfaces of the depletion enhancement layer, the low 

25 carrier concentration layer and the current blocking layer and 
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the upper surface of the first cladding layer in the current 
injection region - 

In this case, the depletion enhancement layer inhibits 
storage of carriers from the first cladding layer into the low 
carrier concentration layer. Thus, the low carrier 
concentration layer is kept in the depleted state and the 
electric capacitance between the first cladding layer and the 
current blocking layer is kept small. 

The thickness of the depletion enhancement layer is 
preferably at least 15 nm. Thus, the semiconductor laser 
device is more improved in high-frequency characteristic. 

The thickness of the depletion enhancement layer is 
preferably at least 20 nm. Thus, the semiconductor laser 
device is further improved in high-frequency characteristic. 

The depletion enhancement layer may have a single-layer 
structure or a superlattice structure. 

The active layer may include a layer made of (Al^^Gai. 
^Jyiln^.yiP, the depletion enhancement layer may be made of 
(Al^aGaj.^JyjIni.y^P or Al^^Ga^.^^As , the low carrier concentration 
layer may be made of (A1^3Gai.^3)y3lni.y3P or A1^3Gai.^3As , the current 
blocking layer may be made of ( A1^4Gai.x4)y4lni.y4P or Alx4Gai.x4As , 
and xl, x2, x3 , x4 , yl , y2 , y3 and y4 may be at least zero and 
not more than 1 respectively. 

The active layer may include a layer made of Alj^^Ga^.^iAs , 
the depletion enhancement layer may be made of Al^jGa^.^gAs , the 
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low carrier concentration layer may be made of Al^aGa^.^gAs , the 
current blocking layer may be made of A1^4Gai.5,4As , and xl , x2 , 
x3 and x4 may be at least zero and not more than 1 respectively. 

The active layer may be made of InxiGa^.^iN, the depletion 
5 enhancement layer may be made of Al^aGa^.^jN, the low carrier 
concentration layer may be made of Al3,3Gai.jj3N, the current 
blocking layer may be made of A1^4Gai.^4N, and xl, x2 , x3 and x4 
may be at least zero and not more than 1 respectively. 

The active layer preferably includes a layer made of 

10 (Al^iGai^^Jyiln^.y^P. the depletion enhancement layer is 
preferably made of (A1^2Gai.^2)y2lni.y2P, the low carrier 
concentration layer is preferably made of Al^jGa^.^s^s , the 
current blocking layer is preferably made of Alj,4Gai.x4As , xl , 
x2, x3, x4, yl and y2 are preferably at least zero and not more 

15 than 1 respectively, and the first conduction type is 
preferably the p type, and the second conduction type is 
preferably the n type. 

In this case, improvement of the high-frequency 
characteristic resulting from the depletion enhancement layer 

20 inhibiting storage of carriers from the first cladding layer 
into the low carrier concentration layer is particularly 
remarkable . 

A semiconductor laser device according to another aspect 
of the present invention comprises an active layer, a first 
25 cladding layer of a first conduction type provided on the active 
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layer, a first current blocking layer having a low carrier 
concentration provided on the first cladding layer except a 
current injection region and a depletion enhancement layer 
formed between the first cladding layer and the first current 
5 blocking layer for inhibiting storage of carriers in the first 
current blocking layer, while the depletion enhancement layer 
has an energy level in band gap supplying second conduction 
type carriers to compensate for first conduction type carriers 
supplied from the first cladding layer due to a modulation 
10 doping effect . 

The first current blocking layer having a low carrier 
concentration is an undoped layer or a layer doped with a low 
density of impurity in a range capable of blocking a current . 

In the semiconductor laser device, the depletion 
15 enhancement layer formed with the energy level in band gap 
supplying the second conduction type carriers is formed between 
the first cladding layer and the first current blocking layer. 

In this case, the second conduction type carriers 
supplied from the energy level in band gap of the depletion 
20 enhancement layer compensate for the first conduction type 
carriers supplied from the first cladding layer. Therefore, 
storage of carriers can be prevented in the first current 
blocking layer having a low carrier concentration. Thus, the 
first current blocking layer is kept in a depleted state. 
25 Therefore, electric capacitance generated between the first 
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current blocking layer and the first cladding layer can be 
reduced and the operating speed of the semiconductor laser 
device can be sufficiently increased. 

At this point, the first current blocking layer has a 
5 narrower band gap than the first cladding layer . When the first 
current blocking layer has a narrower band gap than the first 
cladding layer, carriers are readily injected from the first 
cladding layer into the first current blocking layer and stored 
therein. In this case, however, the depletion enhancement 
10 layer formed between the first cladding layer and the first 
current blocking layer can inhibit storage of carriers in the 
first current blocking layer. 

The energy level in band gap preferably has such density 
that substantially all energy level in band gap ionize under 
15 a condition applying no bias voltage voltage. In this case, 
it is possible to effectively compensate for the first 
conduction type carriers supplied from the first cladding layer. 
Therefore, storage of carriers in the first current blocking 
layer having a low carrier concentration can be more 
20 effectively inhibited. 

The energy level in band gap may be formed by doping with 
a second conduction type impurity. In this case, the depletion 
enhancement layer provided with the energy level in band gap 
can be readily formed. 
25 The material of the depletion enhancement layer may be 
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the same as the material of the first current blocking layer. 
In this case, the band, gap width of the depletion enhancement 
layer and the first current blocking layer are equalized with 
each other. 

5 The first cladding layer may have a larger band gap than 

the depletion enhancement layer, and the semiconductor laser 
device may further comprise an intermediate band gap layer 
provided between the first cladding layer and the depletion 
enhancement layer and having a band gap smaller than the band 

10 gap of the first cladding layer and larger than the band gap 
of the depletion enhancement layer. 

In this case, carriers are hardly injected from the first 
cladding layer into the depletion enhancement layer and hardly 
injected into the first current blocking layer having a low 

15 carrier concentration either due to the intermediate band gap 
layer provided between the first cladding layer and the 
depletion enhancement layer. In this case, further, the 
carriers are injected into both of the depletion enhancement 
layer and the intermediate band gap layer in a divided manner, 

20 and hence hardly injected into the first current blocking 
layer . 

Thus, storage of carriers in the first current blocking 
layer is further inhibited. 

Further, the ranges of the thickness and the carrier 
25 concentration of the depletion enhancement layer capable 
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increasing the operating speed of the semiconductor layer 
device are widened by providing the intermediate band gap layer 
in the aforementioned manner. Therefore, the thickness and 
the carrier concentration of the depletion enhancement layer 
can be readily set so that the depletion enhancement layer can 
be readily prepared. 

The depletion enhancement layer may have a band gap 
smaller than the band gap of the first cladding layer and larger 
than the band gap of the first current blocking layer- In this 
case, the depletion enhancement layer serves as the 
aforementioned intermediate band gap layer, thereby further 
inhibiting storage of carriers in the first current blocking 
layer. 

Also in this case, the ranges of the thickness and the 
carrier concentration of the depletion enhancement layer 
capable of increasing the operating speed of the semiconductor 
laser device are widened. Thus, the thickness and the carrier 
concentration of the depletion enhancement layer can be readily 
set so that the depletion enhancement layer can be readily 
prepared. 

The first cladding layer may have a flat portion formed 
on the active layer and a ridge portion formed on the flat 
portion in the current injection region, the depletion 
enhancement layer may be formed on the flat portion located 
on both sides of the ridge portion and on the side surfaces 
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Of the ridge portion, and the first current blocking layer may 
be formed on the depletion enhancement layer. In this case, 
a ridge guided semiconductor laser device improved in operating 
speed is implemented. 
5 The depletion enhancement layer and the first current 

blocking layer may be successively formed on the first cladding 
layer except the current injection region, and the 
semiconductor laser device may further comprise a second 
cladding layer of a first conduction type provided to fill up 
10 a space enclosed with the side surfaces of the depletion 
enhancement layer and the first current blocking layer and the 
upper surface of the first cladding layer in the current 
injection region. In this case, a self -aligned semiconductor 
laser device improved in operating speed is implemented. 
15 The depletion enhancement layer may be formed on a region 

excluding the current injection region. In this case, a 
current is quickly injected into the current injection region 
provided with no depletion enhancement layer of the opposite 
conduction type. 

20 The semiconductor laser device may further comprise a 

second current blocking layer of a second conduction type 
provided on the first current blocking layer. 

A semiconductor laser device according to another aspect 
of the present invention comprises an active layer, a first 

25 cladding layer of a first conduction type provided on the active 
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layer, a first current blocking layer having a low carrier 
concentration provided on the first cladding layer except a 
current injection region and a depletion enhancement layer 
formed between the first cladding layer and the first current 
5 blocking layer for inhibiting storage of carriers in the first 
current blocking layer. 

In the semiconductor laser device, the depletion 
enhancement layer inhibits storage of carriers from the first 
cladding layer into the first current blocking layer having 
10 a low carrier concentration. Thus, the first current blocking 
layer having a low carrier concentration is kept in a depleted 
state. Therefore, electric capacitance between the first 
current blocking layer having a low carrier concentration and 
the first cladding layer is kept small for sufficiently 
15 increasing the operating speed of the semiconductor laser 
device. 

At this point, the first current blocking layer having 
a low concentration has a narrower band gap than the first 
cladding layer. When the first current blocking layer having 

20 a low carrier concentration has a narrower band gap than the 
first cladding layer, carriers are readily injected from the 
first cladding layer into the first current blocking layer 
having a low carrier concentration and stored therein. In this 
case, however, the depletion enhancement layer formed between 

25 the first cladding layer and the first current blocking layer 
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having a low carrier concentration can inhibit storage of 
carriers in the first current blocking layer having a low 
carrier concentration. 

The band gaps of the first cladding layer, the depletion 
5 enhancement layer and the first current blocking layer having 
a low carrier concentration may be reduced in this order. 

Thus, the depletion enhancement layer having an 
intermediate band gap is provided between the first cladding 
layer having a large band gap and the first current blocking 
10 layer having a low carrier concentration having a small band 
gap. 

In this case, the band offset between the first cladding 
layer and the depletion enhancement layer is smaller than the 
band offset between the first cladding layer and the first 

15 current blocking layer having a low carrier concentration, 
whereby carriers are hardly injected from the first cladding 
layer into the depletion enhancement layer while carriers are 
more hardly injected into the first current blocking layer 
having a low carrier concentration. Further, the carriers are 

20 injected from the first cladding layer into both of the first 
current blocking layer having a low carrier concentration and 
the depletion enhancement layer in a divided manner, whereby 
the quantity of carriers stored in the low carrier 
concentration layer is reduced. Thus, storage of carriers in 

25 the first current blocking layer having a low carrier 
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concentration can be inhibited by the simple structure of 
setting the band gap of the depletion enhancement layer to the 
intermediate level between the first current blocking layer 
having a low carrier concentration and the first cladding 
5 layer . 

The first cladding layer may have a flat portion formed 
on the active layer and a ridge portion formed on the flat 
portion in the current injection region, the depletion 
enhancement layer may be formed on the flat portion located 

10 on both sides of the ridge portion and on the side surfaces 
of the ridge portion, and the first current blocking layer 
having a low carrier concentration may be formed on the 
depletion enhancement layer. 

In this case, the depletion enhancement layer inhibits 

15 storage of carriers from the flat portion of the first cladding 
layer into the first current blocking layer having a low carrier 
concentration. Thus, the first current blocking layer having 
a low carrier concentration is kept in the depleted state, and 
the electric capacitance between the flat portion of the first 

20 cladding layer and the first current blocking layer having a 
low carrier concentration is kept small. 

The semiconductor laser device may further comprise a 
ridge-shaped second cladding layer of a first conduction type 
provided on the depletion enhancement layer in the current 

25 injection region, the depletion enhancement layer may be formed 
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on the first cladding layer, and the first current blocking 
layer having a lower carrier concentration may be formed on 
the depletion enhancement layer located on both sides of the 
second cladding layer and on the side surfaces of the second 
5 cladding layer . 

In this case, the depletion enhancement layer inhibits 
storage of carriers from the first cladding layer into the first 
current blocking layer having a low carrier concentration layer. 
Thus, the first current blocking layer having a low carrier 
10 concentration is kept in the depleted state and the electric 
capacitance between the first cladding layer and the first 
current blocking layer having a low carrier concentration is 
kept small. 

The depletion enhancement layer and the first current 
15 blocking layer having a low carrier concentration may be 
successively formed on the first cladding layer except the 
current injection region, and the semiconductor laser device 
may further comprise a second cladding layer of a first 
conduction type provided to fill up a space enclosed with the 
20 side surfaces of the depletion enhancement layer and the first 
current blocking layer having a low carrier concentration layer 
and the upper surface of the first cladding layer in the current 
injection region. 

In this case, the depletion enhancement layer inhibits 
25 storage of carriers from the first cladding layer into the first 
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current blocking layer having a low carrier concentration. 
Thus, the first current blocking layer having a low carrier 
concentration Is kept in the depleted state and the electric 
capacitance between the first cladding layer and the first 
5 current blocking layer having a low concentration is kept 
small . 

The foregoing and other objects, features, aspects and 
advantages of the present invention will become more apparent 
from the following detailed description of the present 
10 invention when taken in conjunction with the accompanying 
drawings . 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a typical sectional view of a semiconductor 
15 laser device according to a first embodiment of the present 
invention ; 

Fig. 2 is an energy band diagram of valence bands of a 
p-type cladding layer, a depletion enhancement layer and a low 
carrier concentration layer in the semiconductor laser device 
20 shown in Fig. 1; 

Figs. 3 to 5 are typical sectional views showing steps 
in a method of fabricating the semiconductor laser device shown 
in Fig. 1; 

Fig. 6 is a diagram showing results of measurement of 
25 the relation between a cutoff frequency and the thickness of 
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the depletion enhancement layer in the semiconductor laser 
device shown in Fig. 1; 

Fig. 7 illustrates an effect of improving the cutoff 
frequency by doping the depletion enhancement layer of the 
semiconductor laser device according to the first embodiments- 
Fig. 8 is a diagram showing results of measurement of 
the relation between a cutoff frequency and the thickness of 
a depletion enhancement layer in a semiconductor laser device 
according to a second embodiment of the present inventions- 
Fig. 9 is a diagram showing results of measurement of 
the relation between a cutoff frequency and the thickness of 
a depletion enhancement layer in a semiconductor laser device 
according to a third embodiment of the present invention; 

Fig. 10 is a typical sectional view of a semiconductor 
laser device according to a fourth embodiment of the present 
invention; 

Figs. 11 to 13 are typical sectional views showing steps 
in a method of fabricating the semiconductor laser device shown 
in Fig. 10; 

Fig. 14 is a diagram showing results of measurement of 
the relation between a cutoff frequency and the thickness of 
a depletion enhancement layer in the semiconductor laser device 
according to the fourth embodiment; 

Fig. 15 is a diagram showing results of measurement of 
the relation between a cutoff frequency and the thickness of 
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a depletion enhancement layer in a semiconductor laser device 
according to a fifth embodiment of the present invention; 

Fig. 16 is a diagram showing results of measurement of 
the relation between a cutoff frequency and the thickness of 
5 a depletion enhancement layer in a semiconductor laser device 
according to a sixth embodiment of the present invention; 

Fig. 17 is a typical sectional view of a semiconductor 
laser device according to a seventh embodiment of the present 
invention; 

10 Figs. 18 and 19 are typical sectional views showing steps 

of a method of fabricating the semiconductor laser device shown 
in Fig. 17; 

Fig. 20 is a diagram showing results of measurement of 
the relation between a cutoff frequency and the thickness of 
15 a depletion enhancement layer in the semiconductor laser device 
according to the seventh embodiment; 

Fig. 21 is a diagram showing results of measurement of 
the relation between a cutoff frequency and the thickness of 
a depletion enhancement layer in a semiconductor laser device 
20 according to an eighth embodiment of the present invention; 

Fig. 22 is a diagram showing results of measurement of 
the relation between a cutoff frequency and the thickness of 
a depletion enhancement layer in a semiconductor laser device 
according to a ninth embodiment of the present invention; 
25 Fig. 23 is a typical sectional view of a semiconductor 
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laser device according to each of tenth to twelfth embodiments 
of the present Invention; 

Figs. 24(a) and 24(b) are energy band diagrams of ap-type 
cladding layer, a n-type depletion enhancement layer and a 
5 first current blocking layer having a low carrier concentration 
in the semiconductor laser device shown in Fig. 23; 

Figs. 25 to 27 are typical sectional views showing steps 
in a method of fabricating the semiconductor laser device shown 
in Fig. 23; 

10 Fig. 28 is a typical sectional view of a semiconductor 

laser device according to a thirteenth embodiment of the 
present invention; 

Fig. 29 is a typical sectional view of a semiconductor 
laser device according to a fourteenth embodiment of the 
15 present Invention; 

Figs. 30 and 31 are typical sectional views showing steps 
in a method of fabricating the semiconductor laser device shown 
in Fig. 29; 

Fig. 32 is a diagram showing results of measurement of 
20 the relation between a cutoff frequency and the thickness of 
a depletion enhancement layer in the semiconductor laser device 
according to the fourteenth embodiment; 

Figs. 33(a) and 33(b) are diagrams for illustrating the 
principle and the function of the present Invention; 
25 Fig. 34 is a typical sectional view showing the structure 
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of a conventional semiconductor laser device; and 

Fig- 35 is an energy band diagram of valence bands of 
a p-type cladding layer and a current blocking layer having 
a low carrier concentration in the semiconductor laser device 
5 shown in Fig. 34. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
(1) First Embodiment 

Fig. 1 is a typical sectional view of a semiconductor 
10 laser device according to a first embodiment of the present 
invention . 

In the semiconductor laser device shown in Fig. 1, a 
cladding layer 2 of n- (Alo.^Gao. 3)0.51^0.5? having a thickness of 
1500 nm and an emission layer 14 described later are 

15 successively formed on an n-GaAs substrate 1 . A cladding layer 
2 of p- (Alo.7Gao. 3)0.51110.5? having a thickness of 1500 nm and a 
contact layer of p-Gao.sIno.5P having a thickness of 200 nm are 
successively formed on the emission layer 14. The p-type 
cladding layer 6 and the p-type contact layer 7 are etched 

20 to define a ridge portion. 

The carrier concentration of the n-GaAs substrate 1 is 
1 X 10" cm'^, the carrier concentration of the n-type cladding 
layer 2 is 3 x 10" cm"^, and the carrier concentration of the 
p-type contact layer 7 is 2 x 10^® cm"^ respectively. 

25 Further, a depletion enhancement layer 8 of a thickness 
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t having a striped opening on the upper surface of the ridge 
portion is formed on the p-type cladding layer 6 . A low carrier 
concentration layer 9 of GaAs of 1000 nm in thickness having 
a striped opening on the upper surface of the ridge portion 
5 is formed on the depletion enhancement layer 8. An n-type 
current blocking layer 10 of n-GaAs of 500 nm in thickness having 
a striped opening on the upper surface of the ridge portion 
is formed on the low carrier concentration layer 9 . The carrier 
concentration of the n-type current blocking layer 10 is 8 x 

10 10^' cm"^ . The carrier concentration of the low carrier 
concentration layer 9 is lower than that of the n-type current 
blocking layer 10 . 

A contact layer 11 of p-GaAs having a thickness of 3000 
nm is formed on the p-type contact layer 7 located in the 

15 striped opening of the n-type current blocking layer 10 and 
on the n-type current blocking layer 10. The carrier 
concentration of the p-type contact layer is 3 x lo" cm'^. A 
p-electrode 12 having a thickness of 300 nm is formed on the 
p-type contact layer 11 . An n electrode 13 having a thickness 

20 of 300 nm is formed on the back side of the n-GaAs substrate 
1 . 

The emission layer 14 includes a guide layer 3 of 
(Alo.5Gao.5)o.5ln(, 5? having a thickness of 30 nm formed on the 
n-type cladding layer 2, a quantum well active layer 4 formed 
25 on the guide layer 3 and a guide layer 5 of (Alo.sGao.s ) o.sIno.sP 
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having a thickness of 30 nm formed on the quantum well active 
layer 4 . 

The quantum well active layer 4 has a superlattice 
structure formed by alternately stacking a plurality of quantum 
5 well layers 15 of Gao gln^.s? each having a thickness of 5 nm and 
a plurality of barrier layers 16 of ( Alo.sGao.g) o.sIno.gP each 
having a thickness of 5 nm. For example, the number of the 
barrier layers 16 is 2 , and the number of the quantum well layers 
15 is 3. 

10 Table 1 shows the aforementioned structure. 
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Table 1 



Name of Layer 


Composition and Name of 
Layer 


Thick 
-ness 
(nm) 


Carrier 
Concent 
-ration 
(cm-M 


Nu- 

mer 
-al 






n-GaAs Substrate 




IX 10^^ 


1 


Cladding Layer of n- 

{Aln -rGar, ,)n '^^T^n .;P 
V * 0 . 7 0 . 3 ' 0 . 5 0.5 


1500 


3X 10" 


2 


Emis- 
sion 
Layer 


Guide Layer of 
(Al^ cGan .;Inn 

V * 0.5 0.5 ' 0.5 0.5 


30 




3 


Quantum 
Well 
Active 
Layer 


Quantum Well Layer of 

Ga« _In.„ sP 

^ *-^0 .5 0 . 5 


5 




15 


Barrier Layer of 
{Al^.^Gao.Jo.sIno.sP 


5 




16 




(^111 flf^ Laver of 
(Al„.,Gao.,)o.5lno.5P 


30 




5 




PI ;^drli na Tiavfi'r of D ™ 

_L-CLV_LVX -1-1.1 ^ J-ItXjr<^-l- w J_ ^ 

( Alo.7Gao.3)o.5lno.sP 


1500 


■3X1 n-"^^ 


6 


Contact Layer of p- 
Gao.5Ino.5P 


200 


2x10^^ 


7 


Depletion Enhancement 
Layer of Gao glng 5P 


t 




8 


Low Carrier 
Concentration Layer 
of GaAs 


1000 




9 


Current Blocking Layer 
of n-GaAs 


500 


8X 10" 


10 


Contact Layer of p-GaAs 


3000 


3X 10" 


11 


p-Electrode 


300 




12 


n-Electrode 


300 
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Fig. 2 typically shows an energy band diagram of valence 
bands of the p-type cladding layer 6, the depletion enhancement 
layer 8 and the low carrier concentration layer 9 of the 
semiconductor laser device shown in Fig. 1. 

As shown in Fig. 2, the band gaps of the p-type cladding 
layer 6, the depletion enhancement layer 8 and the low carrier 
concentration layer 9 are reduced in this order. Therefore, 
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the band offset between the p-type cladding layer 6 and the 
depletion enhancement layer 8 in contact therewith is reduced 
as compared with the band offset between the p-type cladding 
layer 6 and the low carrier concentration layer 9 so that 
5 carriers are hardly injected from the p-type cladding layer 
6 into the depletion enhancement layer 8 and hardly injected 
into the low carrier concentration layer 9 either. 
Consequently, the quantity of carriers stored in the low 
carrier concentration layer 9 is reduced. Further, carriers 
10 are injected into both of the low carrier concentration layer 

9 and the depletion enhancement layer 8 in a divided manner, 
whereby the quantity of the carriers stored in the low carrier 
concentration layer 9 is reduced. 

The low carrier concentration layer 9, storing a small 
15 quantity of carriers, is kept in a depleted state, whereby the 
electric capacitance between the n-type current blocking layer 

10 and the p-type cladding layer 6 is kept small for sufficiently 
increasing the operating speed of the semiconductor laser 
device . 

20 Thus, the high-frequency characteristic of the 

semiconductor laser device shown in Fig. 1 is improved through 
the simple structure of setting the band gap of the depletion 
enhancement layer 8 to the intermediate level between those 
of the low carrier concentration layer 9 and the p-type cladding 

25 layer 6 . 
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Figs. 3, 4 and 5 are typical sectional views showing steps 
in a method of fabricating the semiconductor laser device shown 
in Fig. 1. 

As shown in Fig. 3, the cladding layer 2 of n- 
(Alo .,Gao.3)o.5lno.5P, the guide layer 3 of ( Alo.gGao.s ) o.sIno.sP . the 
quantum well active layer 4, the guide layer 5 of 
(Alo.sGag Jo.glno.sP, the cladding layer 6 of ( Alo.yGao.a) o.sIno.sP and 
the contact layer 7 of p-Gao.5Ino.5P are successively grown on 
the n-GaAs substrate 1 by MOCVD (metal-organic chemical vapor 
deposition) . 

As shown in Fig. 4, an SiOa film is formed on the p-type 
contact layer 7 and patterned for forming a striped SiOa film 
17. Thereafter the p-type contact layer 7 and the p-type 
cladding layer 6 are partially removed by etching through the 
Si02 film 17 serving as a mask, for forming the ridge portion. 

As shown in Fig. 5, the depletion enhancement layer 8 
of Gao.glno 5P. the low carrier concentration layer 9 of GaAs and 
the current blocking layer 10 of n-GaAs are successively grown 
on the p-type cladding layer 6 by MOCVD through the Si02 film 
17 serving as a selective growth mask. 

The SiOa film 17 is removed and thereafter the contact 
layer 11 of p-GaAs is formed on the n-type current blocking 
layer 10 and on the p-type contact layer 7 by MOCVD as shown 
in Fig. 1, while the p-electrode 12 of Cr/Au is formed on the 
surface of the p-type contact layer 11 and the n electrode 
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13 of AuGe/Ni/Au is formed on the back side of the n-GaAs 
substrate 1 . 

Fig. 6 is a diagram showing the results of measurement 
of a cutoff frequency of the semiconductor laser device shown 
in Table 1 with variation of the thickness t of the depletion 
enhancement layer 8 . The cutoff frequency is such a frequency 
that the amplitude of a laser beam superposed with a sine wave 
output from the object semiconductor laser device is reduced 
by 3 dB as compared with the case of superposing a low frequency 
(the superposed frequency is not more than 10 MHz in this 
example) . Referring to Fig. 6, O denotes a case of employing 
a depletion enhancement layer 8 of Ga0.sIn0.5P having a 
single-layer structure, □ denotes a case of employing a 
depletion enhancement layer 8 of a superlattice structure 
alternately having (Alo.,Gao. 3)0. 5^0.5? barrier layers and 
Gao.5Ino.5P well layers (the thickness t is the sum of the 
thicknesses of the well layers), and A denotes a case of 
employing a depletion enhancement layer 8 of Alo.45Gao.55As having 
a single- layer structure respectively. 

The cutoff frequency, 200 MHz when the semiconductor 
laser device is formed with no depletion enhancement layer 8 , 
is improved when the thickness t of the depletion enhancement 
layer 8 is increased, remarkably improved when the thickness 
t of the depletion enhancement layer 8 exceeds 10 nm, and 
substantially saturated when the thickness t is about 20 nm. 
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Therefore, the thickness t of the depletion enhancement layer 
8 is preferably at least 10 nm, and more preferably at least 
20 nm saturating improvement of the cutoff frequency. When 
the thickness t of the depletion enhancement layer 8 is at least 
5 15 nm, the intermediate level between 10 nm and 20 nm, the 
high-frequency characteristic can be sufficiently improved. 

Fig. 7 illustrates an effect of improving the cutoff 
frequency by doping the depletion enhancement layer 8 of the 
semiconductor laser device shown in Fig. 1. The horizontal 
10 axis shows the ratio of the carrier concentration of the 
depletion enhancement layer 8 to the carrier concentration of 
the p-type cladding layer 6, and the vertical axis shows the 
cutoff frequency. The depletion enhancement layer 8 of this 
semiconductor laser device is made of p-type GalnP, and the 
15 thickness t thereof is 25 nm. 

As shown in Fig. 7, the effect of improving the cutoff 
frequency is small when the carrier concentration of the 
depletion enhancement layer 8 is higher than that of the p-type 
cladding layer 6, while a large effect of improving the cutoff 
20 frequency is attained when the carrier concentration of the 
depletion enhancement layer 8 is lower than that of the p- 
type cladding layer 6. Therefore, the carrier concentration 
of the depletion enhancement layer 8 is preferably lower than 
that of the p-type cladding layer 6. 
25 (2) Second Embodiment 
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A semiconductor laser device according to a second 
embodiment of the present invention is now described. 

The structure of the semiconductor laser device 
according to the second embodiment is similar to that shown 
5 in Fig. 1, while the materials, thicknesses and carrier 
concentrations of respective layers are different from those 
in the first embodiment. Table 2 shows the materials, 
thicknesses and carrier concentrations of the respective 
layers forming the semiconductor laser device according to this 
10 embodiment . 



15 



20 



25 
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Table 2 



Name of Layer 


Composition and Name of 
Layer 


Thick 
-ness 
(nm) 


Carrier 
Concent 
-ration 
(cm-^) 


Nu- 

mer 
-al 






n-GaAs Substrate 




1X10^® 


1 


Cladding Layer of n- 

Aln .^Gei„ ==As 


1500 


3X 10" 


2 


Emis- 
sion 
Layer 


Guide Layer of 

Al„.,,Gao.fi,As 


30 




3 


Quantum 
Well 
Active 
Layer 


Quantum Well Layer of 
Alo.iGao.qAs 


5 




15 


Barrier Layer of 

Aln ,^Gan fi.;AS 


5 




16 




Guide Layer of 

AlnT;Gan.fi^AS 


30 




5 




Cladding Layer of p- 
Alo.45Gao.„As 


1500 


IX 10'^ 


6 


Contact Layer of p-GaAs 


200 


4X 10^^ 


7 


Depletion Enhancement 
Layer of Alo.psGao.ygAs 


t 




8 


Low Carrier 
Concentration Layer 
of GaAs 


1000 




9 


Current Blocking Layer 
of n-GaAs 


500 


5X 10" 


10 


Contact Layer of p-GaAs 


3000 


3X 10" 


11 


p-Electrode 


300 




12 


n-Electrode 


300 
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Fig. 8 illustrates results of measurement of a cutoff 
frequency of the semiconductor laser device shown in Table 2 
5 with variation of the thickness t of a depletion enhancement 
layer 8. Referring to Fig. 8, O denotes a case of employing 
a depletion enhancement layer 8 of AIq 25Gao.75As having a 
single-layer structure, and □ denotes a case of employing a 
depletion enhancement layer 8 of a superlattice structure 
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alternately having Alo.45Gao.55As barrier layers and Alo.25Gao.75As 
well layers (the thickness t is the sum of the thicknesses of 
the well layers). 

The cutoff frequency, 400 MHz when the semiconductor 
5 laser device is formed with no depletion enhancement layer 8, 
is improved when the thickness t of the depletion enhancement 
layer 8 is increased, remarkably improved when the thickness 
t of the depletion enhancement layer 8 exceeds 10 nm, and 
substantially saturated when the thickness t is about 20 nm. 
10 Therefore, the thickness t of the depletion enhancement layer 
8 is preferably at least 10 nm, and more preferably at least 
20 nm saturating improvement of the cutoff frequency. When 
the thickness t of the depletion enhancement layer 8 is at least 
15 nm, the intermediate level between 10 nm and 20 nm, the 
15 high-frequency characteristic can be sufficiently improved. 
(3) Third Embodiment 

A semiconductor laser device according to a third 
embodiment of the present invention is now described. 

The structure of the semiconductor laser device 
20 according to the third embodiment is similar to that shown in 
Fig. 1, while the materials, thicknesses and carrier 
concentrations of respective layers are different from those 
in the first embodiment. Table 3 shows the materials, 
thicknesses and carrier concentrations of the respective 
25 layers forming the semiconductor laser device according to this 
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embodiment . 



Table 3 



Name of Layer 


Composition and Name of 
Layer 


Thick 
-ness 
(nm) 


Carrier 
Concent 
-ration 
(cm-') 


Nu- 

mer 
-al 






n-GaN Substrate 




1X10^' 


1 


Cladding Layer of n- 
Alo.isGao.s.N 


1000 


3X 10" 


2 


Emis- 
sion 
Layer 


Guide Layer of GaN 


30 




3 


Quantum 
Well 
Active 
Layer 


Quantum Well Layer of 

Inn i,Gan „^N 


5 




15 


Barrier Layer of 

Ino osGao 95N 


5 




16 




Guide Layer of GaN 


30 




5 




Cladding Layer of p- 

Aln.15Gan.BsN 


1000 


2X10" 


6 


Contact Layer of p-GaN 


200 


3X10'^ 


7 


Depletion Enhancement 
Layer of AIq ovGao.ggN 


t 




8 


Low Carrier 
Concentration Layer 
of GaN 


800 




9 


Current Blocking Layer 
of n-GaN 


200 


5X10" 


10 


Contact Layer of p-GaN 


3000 


8X 10" 


11 


p-Electrode 


300 




12 


n-Electrode 


300 
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Fig. 9 illustrates results of measurement of a cutoff 
5 frequency of the semiconductor laser device shown in Table 3 
with variation of the thickness t of a depletion enhancement 
layer 8. Referring to Fig. 9, O denotes a case of employing 
a depletion enhancement layer 8 of Alo.07Gao.93N having a 
single -layer structure, and □ denotes a case of employing a 
10 depletion enhancement layer 8 of a superlattice structure 
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alternately having Alo.15Gao.85N barrier layers and Alo.07Gao.93N 
well layers (the thickness t is the sum of the thicknesses of 

the well layers). 

The cutoff frequency, 320 MHz when the semiconductor 
5 laser device is formed with no depletion enhancement layer 8, 
is gradually improved when the thickness t of the depletion 
enhancement layer 8 is increased, remarkably improved when the 
thickness t of the depletion enhancement layer 8 exceeds 10 
nm, and substantially saturated when the thickness t is about 
10 20 nm. Therefore, the thickness t of the depletion enhancement 
layer 8 is preferably at least 10 nm, and more preferably at 
least 20 nm saturating improvement of the cutoff frequency. 
When the thickness t of the depletion enhancement layer 8 is 
at least 15 nm, the intermediate level between 10 nm and 20 
15 nm, the high-frequency characteristic can be sufficiently 
improved . 

(4) Fourth Embodiment 

Fig. 10 is a typical sectional view showing a 
semiconductor laser device according to a fourth embodiment 
20 of the present invention. 

In the semiconductor laser device shown in Fig. 10, 
respective layers 2 to 5 are formed on an n-GaAs substrate 1, 
similarly to the semiconductor laser device shown in Fig. 1. 

A cladding layer 61 of p- ( Alo.vGao.3) o.sIHo.sP having a 
25 thickness of 200 nm and a depletion enhancement layer 62 of 
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Gao.5Ino.5P are successively formed on the guide layer 5. The 
carrier concentration of the p-type cladding layer 61 is 3 x 
10" cm"\ 

A cladding layer 63 of p- ( Alo.7Gao.3)o.5lno.5P of 1300 nm in 
5 thickness having a ridge shape is formed on the depletion 
enhancement layer 62. The carrier concentration of the p- 
type cladding layer 63 is 3 x lO" cm'\ A contact layer 7 of 
p-Gao.5Ino.5P is formed on the upper surface of the p-type 
cladding layer 63. 
10 A low carrier concentration layer 9 of GaAs of 1000 nm 

in thickness having a striped opening on the upper surface of 
the p-type contact layer 7 is formed on portions of the 
depletion enhancement layer 62 located on both sides of the 
p-type cladding layer 63 and on the side surfaces of the p-type 
15 cladding layer 63 . 

Further, a current blocking layer 10 of n-GaAs of 500 
nm in thickness having a striped opening on the upper surface 
of the ridge portion is formed on the low carrier concentration 
layer 9. A p-type contact layer 11 is formed on the p-type 
20 contact layer 7 and the n-type current blocking layer 10. 
Table 4 shows the aforementioned structure. 



25 
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Table 4 



Name of Layer 


Composition and Name of 
Layer 


Thick 
-ness 
(nm) 


Carrier 
Concent 
-ration 
(cm-^ 


Nu- 
mer 
-al 






n-GaAs substrate 




IX 10^^ 


1 


Cladding Layer of n- 
(Alo ^Gao.Oo.sIno.sP 


1500 


3X 10'' 


2 


Emis- 
sion 
Layer 


Guide Layer of 
(Alo sGan. J0.5In0.sP 


30 




3 


Quantum 
Well 
Active 
Layer 


Quantum Well Layer of 
Gao jlng 5P 


5 




15 


Barrier Layer of 
(Aln sGan Jr,.,;In„.sP 


5 




16 




Guide Layer of 
(Alo.5Ga„.5)o.5lno.,,P 


30 




5 




Cladding Layer of p- 
(Alo.,Gao.3)o.sIno.5P 


200 


3X 10" 


61 


Cladding Layer of p- 
(Alo 7Gao 3)0.51110.5? 


1300 


3 X lO'"'' 


63 


Contact Layer of p- 
Gao-sln-o gP 


200 


2 X 10^^ 


7 


Depletion Enhancement 
Layer of Gao.5Ino.5P 


t 




62 


Low Carrier 
Concentration Layer 
of GaAs 


1000 




9 


Current Blocking Layer 
of n-GaAs 


500 


8X10'' 


10 


Contact Layer of p-GaAs 


3000 


3X 10" 


11 


p-Electrode 


300 




12 


n-Electrode 


300 
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Figs. 11, 12 and 13 are typical sectional views showing 
steps in a method of fabricating the semiconductor layer device 
5 shown in Fig. 10. 

As shown in Fig. 11, the cladding layer 2 of n- 
(Alo.7Gao.3)o.5lno.5P, the guide layer 3 of (AIq. 5630.5)0.51110.5?, the 
quantum well active layer 4, the guide layer 5 of 
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(Alo.5Gao.5)o.5lno.5P' the cladding layer 61 of (Alo.^Gao.a ) o.sIrio.sP , 
the depletion enhancement layer 62 of Gao glng.sP, the cladding 
layer 63 of p- ( Alg ^Gao.a) o.sIHo.sP and the contact layer 7 of 
p-Gao.5Ino.5P are successively grown on the n-GaAs substrate 1 
5 by MOCVD. 

As shown in Fig. 12, an SiOj film is formed on the p- 
type contact layer 7 and patterned for forming a striped SiOa 
film 64. Thereafter the p-type contact layer 7 and the p- 
type cladding layer 63 are removed by etching through the SIO^ 

10 film 64 serving as a mask, for forming the ridge portion. 

As shown in Fig. 13, the low carrier concentration layer 
9 of GaAs and the current blocking layer 10 of n-GaAs are 
successively grown on the side surfaces of the depletion 
enhancement layer 62 and the p-type cladding layer 63 located 

15 on both sides of the ridge portion by MOCVD through the SiOj 
film 64 serving as a selective growth mask. 

The Si02 film 6 4 is removed and thereafter the contact 
layer 11 of p-GaAs is formed on the n-type current blocking 
layer 10 and the p-type contact layer 7 by MOCVD, while forming 

20 a p-electrode 12 of Cr/Au on the surface of the p-type contact 
layer 11 and forming an n electrode 13 of AuGe/Ni/Au on the 
back side of the n-GaAs substrate 1, as shown in Fig. 10. 

Fig. 14 is a diagram showing the results of measurement 
of a cutoff frequency of the semiconductor laser device shown 

25 in Table 4 with variation of the thickness t of the depletion 
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enhancement layer 62. Referring to Fig. 14, O denotes a case 
of employing a depletion enhancement layer 62 of Gao.slng 5P 
having a single-layer structure, denotes a case of employing 
a depletion enhancement layer 62 of a superlattice structure 
5 alternately having {Alo.jGa^^^) ^.s^n^.s^ barrier layers and 
Gao.5Ino.5P well layers (the thickness t is the sum of the 
thicknesses of the well layers), and denotes a case of 
employing a depletion enhancement layer 62 of AIq ^gCao 55AS 
having a single- layer structure respectively. 

10 The cutoff frequency, 200 MHz when the semiconductor 

laser device is formed with no depletion enhancement layer 62, 
is gradually improved when the thickness t of the depletion 
enhancement layer 62 is increased, remarkably improved when 
the thickness t of the depletion enhancement layer 6 2 exceeds 

15 15 nm, and substantially saturated when the thickness t is about 
20 nm. Therefore, the thickness t of the depletion enhancement 
layer 62 is preferably at least 15 nm, and more preferably at 
least 20 nm saturating improvement of the cutoff frequency. 
When the thickness t of the depletion enhancement layer 62 is 

20 at least 18 nm, the intermediate level between 15 nm and 20 
nm, the high-frequency characteristic can be sufficiently 
improved . 

(5) Fifth Embodiment 

A semiconductor laser device according to a fifth 
25 embodiment of the present invention is now described. 



40 



The structure of the semiconductor laser device 
according to the fifth embodiment Is similar to that shown in 
Fig. 10, except the materials, thicknesses and carrier 
concentrations of respective layers. Table 5 shows the 
5 materials, thicknesses and carrier concentrations of the 
respective layers of the semiconductor laser device according 
to this embodiment . 



10 



15 



20 



25 
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Table 5 



Name of Layer 


Composition and Name of 
Layer 


Thick 
-ness 
(nm) 


Carrier 
Concent 
-ration 
(cm-') 


Nu- 
mer 
-al 






n-GaAs Substrate 




IX 10" 


1 




Cladding Layer of n- 
Al„.,,Gao.5.As 


1500 


3x10" 


2 


Emis- 
sion 
Layer 


Guide Layer of 
Aln.35Gao.«,As 


30 




3 


Quantum 
Well 
Active 
Layer 


Quantum Well Layer of 
Alo.iGao.:,As 


5 




15 


Barrier Layer of 

Aln...5Gao.,,As 


5 




16 




Guide Layer of 

Aln.s,Gao.fi.AS 


30 




5 




Cladding Layer of p- 
Alo.45Gao.55As 


200 


IX 10" 


61 


Cladding Layer of p- 
Aln.45Gao ,,As 


1300 


IX 10^^ 


63 


Contact Layer of p-GaAs 


200 


4 X 10^® 


7 


Depletion Enhancement 
Layer of AIq 7^Gao.75As 


t 




0 z. 


Low Carrier 
Concentration Layer 
of GaAs 


1000 




9 


Current Blocking Layer 
of n-GaAs 


500 


5X 10" 


10 


Contact Layer of p-GaAs 


3000 


3X10'' 


11 


p-Electrode 


300 




12 


n-Electrode 


300 
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Fig. 15 is a diagram showing the results of measurement 
of a cutoff frequency of the semiconductor laser device shown 
5 in Table 5 with variation of the thickness t of a depletion 
enhancement layer 62. Referring to Fig. 15, O denotes a case 
of employing a depletion enhancement layer 62 of Alo.25Gao.75As 
having a single -layer structure, and □ denotes a case of 
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employing a depletion enhancement layer 62 of a superlattice 
structure alternately having Alo.45Gao.55As barrier layers and 
Alo.25Gao.„As well layers (the thickness t is the sum of the 
thicknesses of the well layers) respectively. 

The cutoff frequency, 400 MHz when the semiconductor 
laser device is formed with no depletion enhancement layer 62, 
is gradually improved when the thickness t of the depletion 
enhancement layer 62 is increased, remarkably improved when 
the thickness t of the depletion enhancement layer 6 2 exceeds 
15 nm, and substantially saturated when the thickness t is about 
20 nm. Therefore, the thickness t of the depletion enhancement 
layer 62 is preferably at least 15 nm, and more preferably at 
least 20 nm saturating improvement of the cutoff frequency. 
When the thickness t of the depletion enhancement layer 6 2 is 
at least 18 nm, the intermediate level between 15 nm and 20 
nm, the high-frequency characteristic can be sufficiently 
improved. 

( 6 ) Sixth Embodiment 

A semiconductor laser device according to a sixth 
embodiment of the present invention is now described. 

The structure of the semiconductor laser device 
according to the sixth embodiment is similar to that shown in 
Fig. 10, except the materials, thicknesses and carrier 
concentrations of respective layers . Table 6 shows the 
materials, thicknesses and carrier concentrations of the 



43 



respective layers of the semiconductor laser device according 
to this embodiment . 



Table 6 



Name of 


Layer 


Composition and Name of 
Layer 


Thick 
-ness 
(nm) 


Carrier 
Concent 
-ration 
(cm-^) 


Nu- 
mer 
-al 






n-GaN Substrate 




1x10" 


1 






Claddincr Laver of n- 
Alo.15Gao.85N 


1000 


0 J. U 


2 






Vj \jl j_ kjl \_« J_i Ci._jr J— v_/ _i_ 


30 




3 


Emis- 


Quantum 
Well 


Quantum Well Layer of 
Ino.15Gao.85N 


5 




15 


sion 
Layer 


Active 
Layer 


J-J CJ--L. J— -L. v^-L. -f— 1 0*. y _1_ J_ 

Ino.osGao.9sN 


5 




16 






Guide Laver of GaN 


30 




5 






Cladding Layer of p- 

Alo isGao o.N 


100 


2 X 10^'' 


61 






Cladding Layer of p- 
Alo.15Gao.85N 


900 


0 X 1 0^^ 


63 






First p-Contact Layer 
of p-GaN 


200 


3X10" 


7 






Depletion Enhancement 
Layer of Alo.07Gao.93N 


t 




62 






Low Carrier 
Concentration Layer 
of GaN 


800 




9 






Current Blocking Layer 
of n-GaN 


200 


5X 10" 


10 






Second p- Contact Layer 
of p-GaN 


3000 


8X10'' 


11 






p-Electrode 


300 




12 






n-Electrode 


300 
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Fig. 16 is a diagram showing the results of measurement 
of a cutoff frequency of the semiconductor laser device shown 
in Table 6 with variation of the thickness t of a depletion 
enhancement layer 62. Referring to Fig. 15, O denotes a case 
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of employing a depletion enhancement layer 62 of Alo.07Gao.93N 
having a single -layer structure, and □ denotes a case of 
employing a depletion enhancement layer 62 of a superlattice 
structure alternately having Alo.x5Gao.85N barrier layers and 
5 Alo.07Gao.93N well layers (the thickness t is the sum of the 
thicknesses of the well layers) respectively. 

The cutoff frequency, 320 MHz when the semiconductor 
laser device is formed with no depletion enhancement layer 62, 
is gradually improved when the thickness t of the depletion 
10 enhancement layer 62 is increased, remarkably improved when 
the thickness t of the depletion enhancement layer 62 exceeds 
15 nm, and substantially saturated when the thickness t is about 
20 nm. Therefore, the thickness t of the depletion enhancement 
layer 62 is preferably at least 15 nm, and more preferably at 
15 least 20 nm saturating improvement of the cutoff frequency. 
When the thickness t of the depletion enhancement layer 62 is 
at least 18 nm, the intermediate level between 15 nm and 20 
nm, the high-frequency characteristic can be sufficiently 
improved . 
20 (7) Seventh Embodiment 

Fig. 17 is a typical sectional view of a semiconductor 
laser device according to a seventh embodiment of the present 
invention . 

In the semiconductor laser device shown in Fig. 17, 
25 respective layers 2 to 5 are formed on an n-GaAs substrate 1, 
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similarly to the semiconductor laser device shown in Fig. 1. 

A cladding layer 91 of p- (Alo.7Gao. 3)0.51110.5? having a 
thickness of 200 nm is formed on the guide layer 5 . The carrier 
concentration of the p-type cladding layer 91 is 3 x 10^' cm'^ 
5 A depletion enhancement layer 92 of Gao.5Ino.5P, a low 

carrier concentration 93 of GaAs having a thickness of 1000 
nm and a current blocking layer 94 of n-GaAs having a thickness 
of 500 nm are successively formed on the p-type cladding layer 
91. 

10 Central regions of the depletion enhancement layer 92, 

the low carrier concentration layer 93 and the n-type current 
blocking layer 94 are removed to define a striped opening. The 
carrier concentration of the n-type current blocking layer 94 
is 8 X 10" cm"^. The carrier concentration of the low carrier 
15 concentration layer 93 is lower than that of the n-type current 
blocking layer 94. 

A p-type cladding layer 95 p- ( Alo.^Gag.a )o.5lno.5P having a 
thickness of 1300 nm is formed on the p-type cladding layer 
91 and the n-type current blocking layer 9 4 to fill up the 
20 striped opening. The carrier concentration of the p-type 
cladding layer 95 is 3 x 10^^ cm". 

A contact layer 96 of p-Gao.5Ino.5P having a thickness of 
200 nm is formed on the p-type cladding layer 95. A contact 
layer 97 of p-GaAs having a thickness of 3000 nm is formed on 
25 the p-type contact layer 96 . The carrier concentration of the 
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p-type contact layer 96 is 2 x lO'' cm"'. The carrier 
concentration of the p-type contact layer 97 is 3 x lO" cm"\ 
Table 7 shows the aforementioned structure. 



Table 7 



Name of Layer 


Composition and Name of 
Layer 


Thick 
-ness 
(nm) 


Carrier 
Concent 
-ration 
(cm ) 


Nu- 
mer 
-al 






n-GaAs Substrate 




IX 10" 


1 




Cladding Layer of n- 

(Alo.vGao. Jo.sino ..P 


1500 


3X 10'^ 


2 


Emis- 
sion 
Layer 




Guide Layer of 

(Aln.sGao.Jn..Inn._,P 


30 




3 


Quantum 
Well 
Active 
Layer 


Quantum Well Layer of 

Gag glno 5P 


5 




15 


Barrier Layer of 
{Al„ .^Gao .,)o.5lno..,P 


5 




16 




CLiii r^f^ Tir^Vft'T of 
vjj u _L vJ. v> jj tJ. jr ^^j- Vrff-i- 

( A^ Ga } In,^ ,=P 


30 




5 




Cladding Layer of p- 

(Aln.,Gao.Jn .Inn.,P 


200 


3x10'' 


91 


Cladding Layer of p- 
(Alo.^Ga^. Jo.5Ino.5P 


1300 


3X 10" 


95 


Depletion Enhancement 
Layer of Gao .5Ino.5P 


t 




92 


Low Carrier 
Concentration Layer 
of GaAs 


1000 




93 


Current Blocking Layer 
of n-GaAs 


500 


8X10" 


94 


Contact Layer of p- 
Gao 2lrio 5P 


200 


2X 10^® 


96 


Contact Layer of p-GaAs 


3000 


3X 10" 


97 


p-Electrode 


300 




12 


n-Electrode 


300 




13 
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Figs. 18 and 19 are typical sectional views showing steps 
in a method of fabricating the semiconductor laser device shown 
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As shown in Fig. 18, the cladding layer 2 of n- 
(Alo.7Gao.3)o.5lno.5P, the guide layer 3 of (Alo.5Gao.5)o.5lno 5P having 
a thickness of 30 nm, the quantum well active layer 4, the guide 
layer of (Alg 5Gao.5)o glno gP having a thickness of 30 nm, the 
5 cladding layer 91 of p- (AIq 7Gao.3)o.5lno.5P , the depletion 
enhancement layer 92 of Gao sIno.sP, the low carrier 
concentration layer 93 of GaAs and the current blocking layer 
94 of n-GaAs are successively grown on the n-GaAs substrate 
1 by MOCVD. 

10 A mask (not shown) is formed on the n-type current 

blocking layer 94 and patterned to have a striped opening. 
Thereafter the central portions of the n-type current blocking 
layer 94, the low carrier concentration layer 93 and the 
depletion enhancement layer 92 are removed by etching for 

15 forming the striped opening, as shown in Fig. 19. 

Then, the cladding layer 95 of p- (AIq ^GaQ 3 )(, jlno 5P , the 
contact layer 96 of p-Gao glno ^P and the contact layer 97 of 
p-GaAs are successively formed on the n-type current blocking 
layer 94 and on the p-type cladding layer 91 located in the 

20 striped opening by MOCVD, as shown in Fig. 17. A p-electrode 
12 of Cr/Au is formed on the surface of the p-type contact layer 
97, and an n electrode 13 of AuGe/Ni/Au is formed on the back 
side of the n-GaAs substrate 1. 

Fig. 20 is a diagram showing the results of measurement 

25 of a cutoff frequency of the semiconductor laser device shown 
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in Table 7 with variation of the thickness t of the depletion 
enhancement layer 92. Referring to Fig. 20, O denotes a case 
of employing a depletion enhancement layer 92 of Ga,, glng 5P 

having a single-layer structure, □ denotes a case of employing 
5 a depletion enhancement layer 92 of a superlattice structure 
alternately having (AIq ^Gag 3)0 glng gP barrier layers and 
Ga^ glno 5P well layers (the thickness t is the sum of the 
thicknesses of the well layers), and A denotes a case of 
employing a depletion enhancement layer 92 of Alg 45Gao gsAs 

10 having a single- layer structure respectively. 

The cutoff frequency, 200 MHz when the semiconductor 
laser device is formed with no depletion enhancement layer 92, 
is gradually improved when the thickness t of the depletion 
enhancement layer 92 is increased, remarkably improved when 

15 the thickness t of the depletion enhancement layer 92 exceeds 
10 nm, and substantially saturated when the thickness t is about 
20 nm. Therefore, the thickness t of the depletion enhancement 
layer 92 is preferably at least 15 nm, and more preferably at 
least 20 nm saturating improvement of the cutoff frequency. 

20 When the thickness t of the depletion enhancement layer 92 is 
at least 18 nm, the intermediate level between 15 nm and 20 
nm, the high-frequency characteristic can be sufficiently 
improved. 

(8) Eighth Embodiment 

25 A semiconductor laser device according to an eighth 
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embodiment of the present invention is now described. 

The structure of the semiconductor laser device 
according to the eighth embodiment is similar to that shown 
in Fig. 17, except the materials, thicknesses and carrier 
concentrations of respective layers. Table 8 shows the 
materials, thicknesses and carrier concentrations of the 
respective layers In the semiconductor laser device according 
to this embodiment . 



50 



Table 8 







r^nmnr^c;! "f"i on ;=inri M;RTn*=* 0"F 

Layer 


Thick 
-ness 
( nm^ 


V_. CI. J_ J l_ yZ> -1— 

Concent 
-ration 
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1 ^ xU 


1 






Cladding Layer of n- 
Alo.45Gao.5sAs 


1500 


3X 10'' 


2 






Guide Layer of 
AIq .ssGa^ gjAs 


30 




3 


Emis- 
sion 


Quantum 
Well 


Quantum Well Layer of 
Alo.1Gao.9As 


5 




15 


Layer 


Active 
Layer 


Barrier Layer of 
Alo.35Gao.65As 


5 




16 






Guide Layer of 
Alo.35Gao.65As 


30 




5 






Cladding Layer of p- 
Alo.45Gao.5sAs 


200 


1X10" 


91 






C'~\ c\ "1 Ti a T.RVf^T^ ri"F n — 

V> -L- V-l V„i- Vji. _i_ -L X ^ XJU. y ^ — • J— \J JL. ^/ 

Alo.45Gao S5AS 


1300 


X XV 


95 






Depletion Enhancement 
Layer of AIq jsGag 75AS 


t 




92 






Low Carrier 
Concentration Layer 
of GaAs 


1000 




93 






Current Blocking Layer 
of n-GaAs 


500 


5x10'' 


94 






Contact Layer of p-GaAs 


200 


4X 10'' 


96 






Contact Layer of p-GaAs 


3000 


3X10" 


97 






p-Electrode 


300 




12 






n-Electrode 


300 
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Fig. 21 is a diagram showing the results of measurement 
of a cutoff frequency of the semiconductor laser device shown 
in Table 8 with variation of the thickness t of a depletion 
enhancement layer 92. Referring to Fig. 21, O denotes a case 
of employing a depletion enhancement layer 92 of AIq jsGag 75AS 
having a single-layer structure, and □ denotes a case of 
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employing a depletion enhancement layer 92 of a superlattice 
structure alternately having Al,^ ^^Ga^^^As barrier layers and 
Alp asGao 75AS well layers {the thickness t is the sum of the 
thicknesses of the well layers) respectively. 
5 The cutoff frequency, 400 MHz when the semiconductor 

laser device is formed with no depletion enhancement layer 92, 
is gradually improved when the thickness t of the depletion 
enhancement layer 92 is increased, remarkably improved when 
the thickness t of the depletion enhancement layer 92 exceeds 

10 15 nm, and substantially saturated when the thickness t is about 
20 nm. Therefore, the thickness t of the depletion enhancement 
layer 92 is preferably at least 15 nm, and more preferably at 
least 20 nm saturating improvement of the cutoff frequency. 
VJhen the thickness t of the depletion enhancement layer 92 is 

15 at least 18 nm, the intermediate level between 15 nm and 20 
nm, the high-frequency characteristic can be sufficiently 
improved. 

(9) Ninth Embodiment 

A semiconductor laser device according to a ninth 
20 embodiment of the present invention is now described. 

The structure of the semiconductor laser device 
according to the ninth embodiment is similar to that shown in 
Fig. 17, except the materials, thicknesses and carrier 
concentrations of respective layers. Table 9 shows the 
25 materials, thicknesses and carrier concentrations of the 
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respective layers in the semiconductor laser device according 
to this embodiment . 



Table 9 



Name of 


Layer 


Composition and Name of 
Layer 


Thick 
-ness 
(nm) 


Carrier 
Concent 
-ration 


Nu- 
mer 
-al 






n-GaN Substrate 




1X10^® 


1 






Cladding Layer of n- 

Alo.15Gao.85N 


T r\c\ i~\ 

1000 


3 X 10" 


2 






Guide Layer of GaN 


30 




3 


Emis- 


Quantum 
Well 


Quantum Well Layer of 
Ino.1sGao.85N 


5 




15 


sion 
Layer 


Active 
Layer 


1— i ■ T 

Barrxer Layer of 
Ino.05Gao.95N 


5 




16 






Guide Layer of GaN 


30 




5 






Cladding Layer of p- 
Alo.15Gao.8sN 


100 


2 X 10" 


91 






Cladding Layer of p- 
Alo.1sGao.85N 


900 


2X10'' 


95 






Depletion Enhancement 
Layer of Alo.07Gao.93N 


t 




92 






Low Carrier 
Concentration Layer 
of GaN 


800 




93 






Current Blocking Layer 
of n-GaN 


200 


5X10" 


94 






First Contact Layer of 
p-GaN 


200 


3X10'' 


96 






Second Contact Layer of 
p-GaN 


3000 


8X 10" 


97 






p-Electrode 


300 




12 






n-Electrode 


300 
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5 Fig. 22 is a diagram showing the results of measurement 

of a cutoff frequency of the semiconductor laser device shown 
in Table 9 with variation of the thickness t of a depletion 
enhancement layer 92. Referring to Fig. 22, O denotes a case 
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of employing a depletion enhancement layer 92 of Alo.oyGao „N 
having a single- layer structure, and □ denotes a case of 
employing a depletion enhancement layer 92 of a superlattice 
structure alternately having Alo.15Gao.85N barrier layers and 
5 Alo.07Gao.93N well layers (the thickness t is the sum of the 
thicknesses of the well layers) respectively. 

The cutoff frequency, 320 MHz when the semiconductor 
laser device is formed with no depletion enhancement layer 92, 
is gradually improved when the thickness t of the depletion 
10 enhancement layer 92 is increased, remarkably improved when 
the thickness t of the depletion enhancement layer 92 exceeds 
15 nm, and substantially saturated when the thickness t is about 
20 nm. Therefore, the thickness t of the depletion enhancement 
layer 92 is preferably at least 15 nm, and more preferably at 
15 least 20 nm saturating improvement of the cutoff frequency. 
When the thickness t of the depletion enhancement layer 92 is 
at least 18 nm, the intermediate level between 15 nm and 20 
nm, the high-frequency characteristic can be sufficiently 
improved. 

20 The materials for the active layer, the depletion 

enhancement layer, the low carrier concentration layer and the 
current blocking layer are not restricted to those in the 
aforementioned embodiments. For example, any arbitrary 
combination of an active layer of ( Al^iGai.^Jyiln^.yiP , a depletion 

25 enhancement layer of ( Al^^Ga^^Jy^In^.y^P or Al^^Ga^.^^As , a low 
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carrier concentration layer of ( Al^aGa^.^g yyjInj^.yjP or Al^aGa^.^gAs 
and a current blocking layer of ( A1^4Gai.^4)y4lnj^.y4P or A1^4Gai. 
^4As can be employed. Each of xl , x2 , x3 . x4 , yl, y2 , y3 and 
y4 is at least zero and not more than 1. 
5 (10) Tenth Embodiment 

Fig. 23 is a typical sectional view of a semiconductor 
laser device according to a tenth embodiment of the present 
invention . 

In the semiconductor laser device shown in Fig. 23, a 
10 cladding layer 2 of n- ( Alo.vGao.3)o.sIno.sP having a thickness of 
1500 nm and an emission layer 14 described later are 
successively formed on an n-GaAs substrate 1 . A cladding layer 
6 of p-(Alo.7Gao.3)o.5lno.5P having a thickness of 1500 nm and a 
contact layer 7 of p-Gao.5Ino.5P having a thickness of 200 nm are 
15 successively formed on the emission layer 14. The p-type 
cladding layer 6 and the p-type contact layer 7 are etched 
for defining a ridge portion. 

The carrier concentration of the n-GaAs substrate 1 is 
1 X 10^^ cm"^, the carrier concentration of the n-type cladding 
20 layer 2 is 3 x lo" cm"^, the carrier concentration of the p-type 
cladding layer 6 is 3 x 10^^ cm"^, and the carrier concentration 
of the p-type contact layer 7 is 2 x lO" cm'^ . 

Further, a n-type depletion enhancement layer 8n of 
n-GaAs having a thickness t, having a striped opening on the 
25 upper surface of the ridge portion, is formed on the p-type 
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cladding layer 6. A first current blocking layer 9 of undoped 
GaAs of 1000 nm in thickness having a low carrier concentration, 
having a striped opening on the upper surface of the ridge 
portion, is formed on the n-type depletion enhancement layer 
5 8. A reverse conduction type second current blocking layer 
10 of n-GaAs of 500 nm in thickness having a striped opening 
on the upper surface of the ridge portion is formed on the first 
current blocking layer 9 having a low carrier concentration. 
The carrier concentration of the n-type depletion enhancement 
10 layer 8n is 5 x lO" cm"^ . The carrier concentration of the second 
current blocking layer 10 is 8 x 10^^ cm'^. 

A contact layer 11 of p-GaAs having a thickness of 3000 
nm is formed on the p-type contact layer 7 located in the 
striped opening of the second current blocking layer 10 and 
15 on the second current blocking layer 10. The carrier 
concentration of the p-type contact layer 11 is 3 x lO" cm"^ 
A p-electrode 12 having a thickness of 300 nm is formed on the 
p-type contact layer 11. An n electrode 13 having a thickness 
of 300 nm is formed on the back side of the n-GaAs substrate 
20 1. Thus, the semiconductor laser device shown in Fig. 23 has 
a ridge guided structure. 

The emission layer 14 includes a guide layer 3 of 
(Alo.5Gao.5)o.5lno.5P having a thickness of 30 nm formed on the 
n-type cladding layer 2, a quantum well active layer 4 formed 
25 on the guide layer 3 and a guide layer 5 of ( Alo.gGao.s) o.sIno.sP 
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having a thickness of 30 nm formed on the quantum well layer 
4 . 

The quantum well active layer 4 has a superlattice 
structure formed by alternately stacking a plurality of quantum 
5 well layers 15 of Gao.5Ino.5P each having a thickness of 5 nm and 
a plurality of barrier layers 16 of (Alo.gGao.g ) o.glno.sP each 
having a thickness of 5 nm. For example, the number of the 
barrier layers 16 is 2 , and the number of the quantum well layers 
15 is 3. 

10 Table 10 shows the aforementioned structure. 



15 



20 



25 



57 



Table 10 
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Second Current 
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8X10'' 


10 
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Contact Layer of p-GaAs 


3000 


3X 10" 


11 






p-Electrode 


300 




12 






n-Electrode 


300 
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Figs. 24(a) and 24(b) typically show energy band diagrams 
of the p-type cladding layer 6, the n-type depletion 
5 enhancement layer 8 and the first current blocking layer 9 
having a low carrier concentration in the semiconductor laser 
device shown in Fig. 23. 

As shown in Fig. 24(a) , the n-type depletion enhancement 
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layer 8n formed, with impurity levels of the opposite conduction 
type to the p-type cladding layer 6, i.e., donor levels, is 
formed between the p-type cladding layer 6 and the first current 
blocking layer 9 having a low carrier concentration. 
5 In this case, the band gap of the n-type depletion 

enhancement layer 8n and that of the first current blocking 
layer 9 having a low carrier concentration are equal to each 
other, and the band gaps of these layers 8n and 9 are smaller 
than that of the p-type cladding layer 6. 
10 As shown in Fig. 24 (b) , carriers supplied from the donor 

levels formed on the n-type depletion enhancement layer 8n 
compensate for carriers supplied from the p-type cladding layer 
6. Therefore, the quantity of carriers stored in the first 
current blocking layer 9 having a low carrier concentration 
15 is reduced. 

The first current blocking layer 9 having a low carrier 
concentration is kept in a depleted state due to such reduction 
of the quantity of carriers stored therein, whereby electric 
capacitance generated between the first current blocking layer 
20 9 having a low carrier concentration and the p-type cladding 
layer 6 can be reduced for sufficiently increasing the 
operating speed of the semiconductor laser device. Thus, the 
high-frequency characteristic of the semiconductor laser 
device shown in Fig . 23 is readily improved by forming the n-type 
25 depletion enhancement layer 8 formed with the impurity levels 
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of the opposite conduction type to the p-type cladding layer 
6 between the p-type cladding layer 6 and the first current 
blocking layer 9 having a low carrier concentration - 

Figs. 25, 26 and 27 are typical sectional views showing 
5 steps in a method of fabricating the semiconductor laser device 
shown in Fig. 23. 

As shown in Fig. 25, the cladding layer 2 of n- 
(Alo^Gao.3)o.5lno sP, the guide layer 3 of (Al^ ^Gao slno ^P, the 
quantum well active layer 4, the guide layer 5 of 
10 (Alp 5Gao.5)o.sIno.5P, the cladding layer 6 of p- (AIq ^Gao.g ) o.sIno.gP 
and the contact layer 7 of p-Ga^ slnj, 5P are successively formed 
on the n-GaAs substrate 1 by MOCVD. 

As shown in Fig. 26, an SiOj film is formed on the p- 
type contact layer 7 and patterned for forming a striped SlOz 
15 film 17. Thereafter the p-type contact layer 7 and the p- 
type cladding layer 6 are partially removed by etching through 
the SiOa film 17 serving as a mask, for defining the ridge 
portion . 

As shown in Fig. 27, the depletion enhancement layer 8n 
20 of n-GaAs, the first current blocking layer 9 of undoped GaAs 
having a low carrier concentration and the second current 
blocking layer 10 of n-GaAs are successively formed on the 
p-type cladding layer 6 by MOCVD through the SiOa film 17 serving 
as a selective growth mask. 
25 The SiOj film 17 is removed and thereafter the contact 
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layer 11 of p-GaAs is formed on the second current blocking 
layer 10 and the p-type contact layer 7 by MOCVD, while the 
p-electrode 12 of Cr/Au is formed on the surface of the p- 
type contact layer 11 and the n electrode 13 of AuGe/Ni/Au 
5 is formed on the back side of the n-GaAs substrate 1 as shown 
in Fig. 23. 

In the semiconductor laser device shown in Fig. 23, the 
thickness t of the depletion enhancement layer 8n having a 
carrier concentration of 5 x lO" cm"^ is varied for measuring 
10 the cutoff frequency of the semiconductor laser device at each 
level of the thickness t. Consequently, it is proved that the 
cutoff frequency is remarkably improved when the thickness t 
of the n-type depletion enhancement layer 8n is in the range 
of 20 to 35 nm. 

15 Further, the thickness t of the n-type depletion 

enhancement layer 8n is set to 30 nm and the carrier 
concentration thereof is varied for measuring the cutoff 
frequency of the semiconductor laser device at each level of 
the carrier concentration. Consequently, it is provided that 

20 the cutoff frequency is remarkably improved when the carrier 
concentration of the n-type depletion enhancement layer 8n is 
in the range of 3 x 10" to 6 x 10" cm-^ 
(11) Eleventh Embodiment 

A semiconductor laser device according to an eleventh 
25 embodiment of the present invention is now described. 
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The structure of the semiconductor laser device 
according to the eleventh embodiment is similar to that shown 
in Fig. 23, except the materials, thicknesses and carrier 
concentrations of respective layers. Table 11 shows the 
5 materials, thicknesses and carrier concentrations of the 
respective layers of the semiconductor laser device according 
to this embodiment . 
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20 
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As shown in Table 11, an n-type depletion enhancement 
layer 8n formed with impurity levels (donor levels) of the 
5 opposite conduction type to a p-type cladding layer 6 is formed 
between the p-type cladding layer 6 and a first current blocking 
layer 9 having a low carrier concentration in the semiconductor 
laser device according to this embodiment . In this embodiment , 
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therefore, carriers supplied from the donor levels formed on 
the n-type depletion enhancement layer 8n compensate for those 
supplied from the p-type cladding layer 6, similarly to the 
tenth embodiment. Therefore, the quantity of carriers stored 
5 in the first current blocking layer 9 having a low carrier 
concentration is reduced. 

The first current blocking layer 9 having a low carrier 
concentration is kept in a depleted state due to such reduction 
of the quantity of carriers stored therein, whereby electric 

10 capacitance generated between the first current blocking layer 
9 having a low carrier concentration and the p-type cladding 
layer 6 can be reduced for sufficiently increasing the 
operating speed of the semiconductor laser device. Thus, the 
high-frequency characteristic of the semiconductor laser 

15 device is readily improved in this embodiment . 

According to this embodiment, the semiconductor laser 
device is so set that the band gap of the n-type depletion 
enhancement layer 8n is smaller than that of the p-type cladding 
layer 6 and larger than that of the first current blocking layer 

20 9 having a low carrier concentration. The n-type depletion 
enhancement layer 8n according to this embodiment also has a 
function as an intermediate band gap layer described later with 
reference to a thirteenth embodiment. 

In this case, the band gaps of the p-type cladding layer 

25 6, the n-type depletion enhancement layer 8n and the first 



64 



current blocking layer 9 having a low carrier concentration 
are reduced in this order. Therefore, the band offset between 
the p-type cladding layer 6 and the n-type depletion 
enhancement layer 8n is smaller than that between the p-type 
5 cladding layer 6 and the first current blocking layer 9 having 
a low carrier concentration. Thus, carriers are hardly 
injected from the p-type cladding layer 6 into the n-type 
depletion enhancement layer 8n, and hardly injected into the 
first current blocking layer 9 having a low carrier 

10 concentration either. In this case, further, carriers are 
injected into both of the n-type depletion enhancement layer 
8n and the first current blocking layer 9 having a low carrier 
concentration in a divided manner, whereby the quantity of 
carriers injected into the first current blocking layer 9 

15 having a low carrier concentration is reduced. 

As hereinabove described, the quantity of carriers 
stored in the first current blocking layer 9 having a low carrier 
concentration can be further reduced by forming the n-type 
depletion enhancement layer 8n having the intermediate band 

20 gap between the p-type cladding layer 6 and the first current 
blocking layer 9 having a low carrier concentration. 

Thus, electric capacitance generated between the first 
current blocking layer 9 having a low carrier concentration 
and the p-type cladding layer 6 can be further reduced in the 

25 embodiment having the n-type depletion enhancement layer 8n, 



65 



having the intermediate band gap between the p-type cladding 
layer 6 and the first current blocking layer 9 having a low 
carrier concentration, whereby the operating speed of the 
semiconductor laser device is further improved. 
5 In the semiconductor laser device according to this 

embodiment, the thickness t of the n-type depletion enhancement 
layer 8n having a carrier concentration of 5 x lO" cm"^ is varied 
for measuring the cutoff frequency of the semiconductor laser 
device at each level of the thickness t. Consequently, it is 
10 proved that the cutoff frequency is remarkably improved when 
the thickness t of the n-type depletion enhancement layer 8n 
is in the range of 10 to 40 nm. 

Further, the thickness t of the n-type depletion 
enhancement layer 8n is set to 25 nm and the carrier 
15 concentration thereof is varied for measuring the cutoff 
frequency of the semiconductor laser device at each level of 
the carrier concentration. Consequently, it is proved that 
the cutoff frequency is remarkably improved when the carrier 
concentration of the n-type depletion enhancement layer 8n is 
20 in the range of 2.5 x lO" to 8.5 x lO" cm"\ 

As understood from the aforementioned results, the 
n-type depletion enhancement layer 8n has the intermediate band 
gap between the p-type cladding layer 6 and the first current 
blocking layer 9 having a low carrier concentration in this 
25 embodiment, whereby the ranges of the thickness and the carrier 
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concentration of the n-type depletion enhancement layer 8n 
capable of remarkably improving the cutoff frequency of the 
semiconductor laser device are widened as compared with the 
first embodiment provided with the n-type depletion 
5 enhancement layer 8 and the first current blocking layer 9 of 
a low carrier concentration having the same band gaps. Thus, 
the thickness and the carrier concentration of the n-type 
depletion enhancement layer Bn can be readily set and the n-type 
depletion enhancement layer Bn can be readily prepared. 
10 In the semiconductor laser device according to this 

embodiment, an undoped layer may be formed between the n-type 
depletion enhancement layer 8n and the p-type cladding layer 
6. Alternatively, an undoped layer may be formed between the 
n-type depletion enhancement layer 8n and the first current 
15 blocking layer 9 having a low carrier concentration. In this 
case, an undoped layer made of a material having a larger band 
gap than the first current blocking layer 9 having a low carrier 
concentration is preferably formed. In addition, the material 
for the undoped layer preferably has a band gap smaller than 
20 that of the p-type cladding layer 6 and larger than that of 
the first current blocking layer 9 having a low carrier 
concentration . 

(12) Twelfth Embodiment 

A semiconductor laser device according to a twelfth 
25 embodiment of the present invention is now described. 
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The structure of the semiconductor laser device 
according to the twelfth embodiment is similar to that shown 
in Fig. 23, except the materials, thicknesses and carrier 
concentrations of respective layers. Table 12 shows the 
5 materials, thicknesses and carrier concentrations of the 
respective layers of the semiconductor laser device according 
to this embodiment . 



Table 12 



Name of Layer 


Composition and Name of 
Layer 


Thick 
-ness 
( nm) 


Carrier 
uonceni. 
-ration 
( cm-^ ) 


Nu- 
mer 
-al 






n-GaN Substrate 




1 X 10^® 


1 


Cladding Layer of n- 
Alo.15Gao.85N 


1000 


3X 10^^ 


2 


Emis- 
sion 
Layer 


Guide Layer of GaN 


30 




3 


Quantum 
Well 
Active 
Layer 


Quantum Well Layer of 
Ino.15Gao.85N 


5 




15 


Barrier Layer of 
Ino.05Gao.95N 


5 




16 




Guide Layer of GaN 


30 




5 




Cladding Layer of p- 
Alo.15Gao.85N 


1000 


2X 10" 


6 


Contact Layer of p-GaN 


200 


3X10" 


7 


Depletion Enhancement 
Layer of n-GaN 


t 


5 X 10^'' 


8n 


First Current Blocking 
Layer Having a Low 
Carrier Concentration 
of GaN 


800 




9 


Second Current 
Blocking Layer of n-GaN 


200 


5X10" 


10 


Contact Layer of p-GaN 


3000 


8X 10" 


11 


p-Electrode 


300 




12 


n-Electrode 


300 




13 



10 



As shown in Table 12 , a n-type depletion enhancement layer 
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8n formed with n impurity levels (donor levels) of the opposite 
conduction type to a p-type cladding layer 6 is formed between 
the p-type cladding layer 6 and a first current blocking layer 
9 having a low carrier concentration in the semiconductor laser 
5 device according to this embodiment. In this embodiment, 
therefore, carriers supplied from the donor levels formed on 
the n-type depletion enhancement layer 8n compensate for those 
supplied from the p-type cladding layer 6, similarly to the 
tenth embodiment. Therefore, the quantity of carriers stored 
10 in the first current blocking layer 9 having a low carrier 
concentration is reduced. 

In this case, the band gap of the n-type depletion 
enhancement layer 8n and that of the first current blocking 
layer 9 having a low carrier concentration are equal to each 
15 other, and the band gaps of these layers 8n and 9 are smaller 
than that of the p-type cladding layer 6. 

The first current blocking layer 9 having a low carrier 
concentration is kept in a depleted state due to reduction of 
the quantity of carriers stored therein, whereby electric 
20 capacitance generated between the first current blocking layer 
9 having a low carrier concentration and the p-type cladding 
layer 6 can be reduced for sufficiently increasing the 
operating speed of the semiconductor laser device. In this 
embodiment, therefore, the high-frequency characteristic of 
25 the semiconductor laser device is improved. 
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In the semiconductor laser device according to this 
embodiment , the thickness t of the n-type depletion enhancement 
layer 8n having a carrier concentration of 5 x lO" cm"^ is varied 
for measuring the cutoff frequency of the semiconductor laser 
5 device at each level of the thickness t. Consequently, it is 
proved that the cutoff frequency is remarkably improved when 
the thickness t of the n-type depletion enhancement layer 8n 
is 35 nm. 

(13) Thirteenth Embodiment 
IQ Fig. 28 is a typical sectional view showing a 

semiconductor laser device according to a thirteenth 
embodiment of the present invention. 

The structure of the semiconductor laser device shown 
in Fig. 28 is similar to that of the semiconductor laser device 
15 shown in Fig. 23 except the following point: 

In the semiconductor laser device shown in Fig. 28, an 
intermediate band gap layer 80 having a band gap smaller than 
that of a p-type cladding layer 6 and larger than that of a 
n-type depletion enhancement layer 8n is formed between the 
20 p-type cladding layer 6 and the n-type depletion enhancement 
layer 8n. Table 13 shows the structure of the semiconductor 
laser device shown in Fig. 28. 



25 
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Table 13 





Layer 


Composition and. Name of 


Thick 


Carrier 


Nu- 






Layer 




-ness 
f nm) 


Concent 
-ration 
(cm"^) 


mer 
-al 




/ 


n-GaAs Substrate 




X xu 


1 




/ 


Cladding Layer of 


n- 


1 c n n 


3 X 10^^ 






/ 


(Alo.7Gao.3)(,.5lno.5P 












/ 


Guide Layer 


of 


3U 




3 




^ 


(Alo.sGao. 5)0.51110.5? 










Einxs — 


Quantuin 


Quantum Well Layer 


of 


o 




1 c; 
J. D 


sion 


Well 


Gao. 5lno.5P 










Layer 


Active 
Layer 


Barrier Layer 
(Alo.5Gao.5)o.5lno.5P 


of 


5 




16 




j 


Guide Layer 


of 


30 




5 




/ 


(Alo.5Gao.5)o.5lno 5P 












/ 
/ 


Cladding Layer of 


P- 


1500 


3X10^'' 


6 






(Alo.7Gao.3)o.5lno.5P 












/ 


Contact Layer of 


P- 


200 


2X 10^^ 


7 




/ 


Gao.5Ino.5P 












/ 


Intermediate Bandgap 


20nn 




80 




/ 
/ 


Layer of Gao.5Ino.5P 












/ 


Depletion Enhancement 


1- 


5x10 


Oil 






Layer of n-GaAs 














First Current Blocking 


1000 




9 






Layer Having a 


Low 












Carrier Concentration 












of GaAs 














Second Current 


500 


8X10" 


10 






Blocking Layer of 


n- 












GaAs 














Contact Layer of p-GaAs 


3000 


3x10'' 


11 






p-Electrode 


300 




12 






n-Electrode 


300 
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As shown in Table 13, the n-type depletion enhancement 
layer 8n formed with n impurity levels (donor levels) of the 
5 opposite conduction type to the p-type cladding layer 6 is 
formed between the p-type cladding layer 6 and a first current 
blocking layer 9 having a low carrier concentration in the 
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semiconductor laser device according to this embodiment. In 
this embodiment, therefore, carriers supplied from the donor 
levels formed on the n-type depletion enhancement layer 8n 
compensate for those supplied from the p-type cladding layer 
5 6, similarly to the tenth embodiment . Therefore , the quantity 
of carriers stored in the first current blocking layer 9 having 
a low carrier concentration is reduced. 

The first current blocking layer 9 having a low carrier 
concentration is kept in a depleted state due to such reduction 
10 of the quantity of carriers stored therein, whereby electric 
capacitance generated between the first current blocking layer 
9 having a low carrier concentration and the p-type cladding 
layer 6 can be reduced for sufficiently increasing the 
operating speed of the semiconductor laser device. Thus, the 
15 high-frequency characteristic of the semiconductor laser 
device is improved in the present invention. 

In this embodiment, the band gap of the n-type depletion 
enhancement layer 8n and that of the first current blocking 
layer 9 having a low carrier concentration are equal to each 
20 other, and the band gaps of these layers 8n and 9 are smaller 
than that of the p-type cladding layer 6. Further, the 
intermediate band gap layer 80 having the intermediate band 
gap between the p-type cladding layer 6 and the n-type depletion 
enhancement layer 8n is formed between the p-type cladding 
25 layer 6 and the n-type depletion enhancement layer 8n. The 
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embodiment having such an intermediate band gap layer 80 
attains the following effect: 

In this case, the band gaps of the p-type cladding layer 
6, the intermediate band gap layer 8 and the n-type depletion 
5 enhancement layer 8n are reduced in this order, whereby the 
band offset between the p-type cladding layer 6 and the 
intermediate band gap layer 80 is smaller than that between 
the p-type cladding layer 6 and the n-type depletion 
enhancement layer 8n. Thus, carriers are hardly injected from 

10 the p-type cladding layer 6 into the intermediate band gap layer 
80, and hardly injected into the n-type depletion enhancement 
layer 8n either. In this case, further, carriers are injected 
into both of the intermediate band gap layer 80 and the n- 
type depletion enhancement layer 8n in a divided manner, 

15 whereby the quantity of carriers injected into the n-type 
depletion enhancement layer 8n is reduced. 

Thus, the quantities of carriers injected into the n-type 
depletion enhancement layer 8n as well as those injected into 
the first current blocking layer 9 having a low carrier 

20 concentration can be reduced by forming the intermediate band 
gap layer 80. Therefore, the quantity of carriers stored in 
the first current blocking layer 9 having a low carrier 
concentration can be further reduced. 

In the semiconductor laser device according to this 

25 embodiment having the intermediate band gap layer 80, as 
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hereinabove described, electric capacitance generated between 
the first current blocking layer 9 having a low carrier 
concentration and the p-type cladding layer 6 can be further 
reduced, thereby more improving the operating speed of the 
5 semiconductor laser device. 

In the semiconductor laser device according to this 
embodiment, the thickness t of the n-type depletion enhancement 
layer 8n having a carrier concentration of 5 x 10^^ cm"^ is varied 
for measuring the cutoff frequency of the semiconductor laser 

10 device at each level of the thickness t. Consequently, it is 
proved that the cutoff frequency is remarkably improved when 
the thickness t of the n-type depletion enhancement layer 8n 
is in the range of 15 to 35 nm. 

Further, the thickness t of the n-type depletion 

15 enhancement layer 8n was set to 30 nm and the carrier 
concentration thereof is varied for measuring the cutoff 
frequency of the semiconductor laser device at each level of 
the carrier concentration. Consequently, it is proved that 
the cutoff frequency is remarkably improved when the carrier 

20 concentration of the n-type depletion enhancement layer 8n is 
in the range of 2.5 x lO" to 6 x lo" cm"^ . 

As understood from the aforementioned results, the 
ranges of the thickness t and the carrier concentration of the 
n-type depletion enhancement layer 8n capable of remarkably 

25 improving the cutoff frequency of the semiconductor laser 
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device are widened in the embodiment provided with the 
intermediate band gap layer 80 as compared with the first 
embodiment having no intermediate band gap layer. Therefore, 
the thickness t and the carrier concentration of the n-type 
5 depletion enhancement layer 8n can be readily set and the n-type 
depletion enhancement layer 8n can be readily prepared. 
(14) Fourteenth Embodiment 

Fig. 29 is a typical sectional view of a semiconductor 
laser device according to a fourteenth embodiment of the 
10 present invention. 

In the semiconductor laser device shown in Fig. 29, 
respective layers 2 to 5 are formed on an n-GaAs substrate 1, 
similarly to the semiconductor laser device shown in Fig. 23. 
A cladding layer 91 of p- ( Al^ 7Gao.3)o.5lno.5P having a 
15 thickness of 200 nm is formed on the guide layer 5 . The carrier 
concentration of the p-type cladding layer 91 is 3 x 10^^ cm"^. 

A depletion enhancement layer 92n of n-Gao glno gP , a first 
current blocking layer 93 of undoped GaAs of a low carrier 
concentration having a thickness of 1000 nm and a second current 
20 blocking layer 94 of n-GaAs having a thickness of 500 nm are 
successively formed on the p-type cladding layer 91. 

Central regions of the n-type depletion enhancement 
layer 92n, the first current blocking layer 93 having a low 
carrier concentration layer and the second current blocking 
25 layer 94 are removed to define a striped opening. The carrier 
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concentration of the n-type depletion enhancement layer 92n 
is 5 X 10^^ cm'^. The carrier concentration of the second current 
blocking layer 94 is 8 x 10^^ cm"^. 

A cladding layer 95 of p- { AIq 7Gao 3 ) o.slng gP having a 
5 thickness of 1300 nm is formed on the p-type cladding layer 
91 and the second current blocking layer 94 to fill up the 
striped opening. The carrier concentration of the p-type 
cladding layer 9 5 is 3 x 10^' cm"^. Thus, the semiconductor 
device shown in Fig. 29 has a self -aligned structure. 

10 A contact layer 96 of p-Gag slno.gP having a thickness of 

200 nm is formed on the p-type cladding layer 95. A contact 
layer 97 of p-GaAs having a thickness of 3000 nm is formed on 
the p-type contact layer 96. The carrier concentration of the 
p-type contact layer 96 is 2 x 10^^ cm"^. The carrier 

15 concentration of the p-type contact layer 97 is 3 x 10^' cm"^. 
Table 14 shows the aforementioned structure. 



20 



25 
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Table 14 



Name of Layer 


Composition and Name of 
Layer 


Thick 
-ness 
(nm) 


Carrier 
Concent 
-ration 
(cm 


Nu- 

mer 
-al 






n-GaAs Substrate 




IX 10^^ 


1 




Cladding Layer of n- 
(Aln.7Gao.,)n.sIno.5P 


1500 


3X10" 


2 






Guide Layer of 
(Al„.,Gao.,)n .Ino .P 


30 




3 


Emis- 
sion 
Layer 


Quantum 
Well 
Active 
Layer 


Quantum Well Layer of 
Gan.^Ino.sP 


5 




15 


Barrier Layer of 
(Al„ ,Gao.J„ .In„.,P 


5 




16 




Guide Layer of 
(Al„ ,Gao.,)„ .Inn ,P 


30 




5 




Cladding Layer of p- 
(Alo.7Gao.3)o.5lno.5P 


200 


3X 10" 


91 


Cladding Layer of p- 
(AJ. ,Ga„ tin,, „P 


1300 


3X 10" 


95 


Depletion Enhancement 
layer of n-Gao glno.s? 


t 


5X10'" 


92n 


First Current Blocking 
Layer Having a Low 
Carrier Concentration 
of GaAs 


1000 




93 


Second Current 
Blocking Layer of n- 
GaAs 


500 


8X10" 


94 


Contact Layer of p- 
Gao.5Ino.5P 


200 


2X 10^^ 


96 


Contact Layer of p-GaAs 


3000 


3X10^^ 


97 


p-Electrode 


300 




12 


n-Electrode 


300 




13 



Figs. 30 and 31 are typical sectional views showing steps 
in a method of fabricating the semiconductor laser device shown 

5 in Fig. 29. 

As shown in Fig. 30, the cladding layer 2 of n- 
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(Alo.7Gao.3)o.5lno.5P, the guide layer 3 of (Alo.sGao. 5)0. 5^0.5? having 
a thickness of 30 nm, the quantum well active layer 4, the guide 
layer of {Al^^^Ga^,^) o.^-^n^.s^ having a thickness of 30 nm, the 
cladding layer 91 of V- {Al^.^Ga,,,) o.s^n,_,F , the depletion 
5 enhancement layer 92n of n-Gao.5Ino.5P, the first current 
blocking layer 93 of undoped GaAs having a low carrier 
concentration and the second current blocking layer 94 of 
n-GaAs are successively grown on the n-GaAs substrate 1 by 
MOCVD . 

10 A mask (not shown) is formed on the second current 

blocking layer 94 and patterned to have a striped opening. 
Thereafter the central portions of the second current blocking 
layer 94, the first current blocking layer 93 having a low 
carrier concentration and the depletion enhancement layer 92n 

15 are removed by etching for forming the striped opening, as shown 
in Fig. 31. 

Then, the cladding layer 95 of p- ( Alo.yGao.s ) o.sI^o.sP , the 
contact layer 96 of p-Gao.5Ino.5P and the contact layer 97 of 
p-GaAs are successively formed on the second current blocking 

20 layer 9 4 and on the p-type cladding layer 91 located in the 
striped opening by MOCVD, as shown in Fig. 29. A p-electrode 
12 of Cr/Au is formed on the surface of the p-type contact layer 
97, and an n electrode 13 of AuGe/Ni/Au is formed on the back 
side of the n-GaAs substrate 1. 

25 In the semiconductor laser device shown in Fig. 31, the 
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n-type depletion enhancement layer 92n formed with impurity 
levels (donor levels) of the opposite conduction type to the 
p-type cladding layer 91 is formed between the p-type cladding 
layer 91 and the first current blocking layer 93 having a low 
5 carrier concentration. In this embodiment, therefore, 
carriers supplied from the donor levels formed on the n-type 
depletion enhancement layer 92n compensate for those supplied 
from the p-type cladding layer 91, similarly to the tenth 
embodiment . Therefore , the quantity of carriers stored in the 

10 first current blocking layer 93 having a low carrier 
concentration is reduced. 

The first current blocking layer 93 having a low carrier 
concentration is kept in a depleted state due to such reduction 
of the quantity of carriers stored therein, whereby electric 

15 capacitance generated between the first current blocking layer 
93 having a low carrier concentration and the p-type cladding 
layer 91 can be reduced for sufficiently increasing the 
operating speed of the semiconductor laser device. Thus, the 
high-frequency characteristic of the semiconductor laser 

20 device is improved in this embodiment . 

In the semiconductor laser device shown in Fig. 29, the 
thickness t of the n-type depletion enhancement layer 92n 
having a carrier concentration of 5 x 10^^ cm"^ is varied for 
measuring the cutoff frequency of the semiconductor laser 

25 device at each level of the thickness t. Consequently, it is 
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proved that the cutoff frequency is remarkably improved when 
the thickness t of the n-type depletion enhancement layer 92n 
is in the range of 20 to 35 nm. 

Further, the thickness t of the n-type depletion 
5 enhancement layer 9 2n is set to 30 nm and the carrier 
concentration thereof is varied for measuring the cutoff 
frequency of the semiconductor laser device at each level of 
the carrier concentration. Consequently, it is proved that 
the cutoff frequency is remarkably improved when the carrier 
10 concentration of the n-type depletion enhancement layer 92n 
is in the range of 3 x 10^' to 6 x lO'"^ cm"^. 
(15) Fifteenth Embodiment 

A semiconductor laser device according to a fifteenth 
embodiment of the present invention is now described. 

15 The structure of the semiconductor laser device 

according to the fifteenth embodiment is similar to that shown 
in Fig. 29, except the materials, thicknesses and carrier 
concentrations of respective layers. Table 15 shows the 
materials, thicknesses and carrier concentrations of the 

20 respective layers of the semiconductor laser device according 
to this embodiment . 



25 
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Table 15 



Name of 


Layer 


Composition and. Name of 


inxCK 


Carrier 


Mil 

INU- 






Layer 


-ness 
(nm) 


Concent 
-ration 
K. cm } 


mer 
- ai 


7 


7 


7. ^ , ■ — T 

n-GaAs Substrate 




1 X 10^^ 


J. 




/ 


Cladding Layer of n- 


1500 


3X10" 


2 




/ 


Alo.43Gao.5gAs 










/ 


Guide Layer of 


30 




3 




/ 


Alo.35Gao.6sAs 








Emis- 


Quantum 


Quantum Well Layer of 


5 




15 


sion 


Well 


Alg ^Gao.gAs 








Layer 


Active 
Layer 


Barrier Layer of 

AIq . 35^30 . 65AS 


5 




16 






Guide Layer of 


30 




5 






Alo.35Gao.65AS 












Cladding Layer of p- 


0 n A 


1 X 10 


y J. 






'^-'-0.45^<*0.S5^° 












Cladding Layer of p- 


1 Q r\ r\ 
i J U U 


1 X 10 








■'^-'-0.45*^^0 sgAS 












Depletion Enhancement 


X. 


5 X 10 


y /in 






Layer of n-GaAs 












First Current Blocking 


1000 




93 






Layer Having a Low 












Carrier Concentration 












of GaAs 












Second Current 


500 


5X10" 


94 






Blocking Layer of n- 












GaAs 












Contact Layer of p- 


200 


4X10'^ 


96 






GaAs 












Contact Layer of p-GaAs 


3000 


3X10" 


97 






p-Electrode 


300 




12 






n-Electrode 


300 




13 



As shown in Table 15, a n-type depletion enhancement layer 
92n formed with impurity levels (donor levels) of the opposite 
conduction type to a p-type cladding layer 91 is formed between 
the p-type cladding layer 91 and a first current blocking layer 
93 having a low carrier concentration in the semiconductor 
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laser device according to this embodiment . In this embodiment , 
therefore, carriers supplied from the donor levels formed on 
the n-type depletion enhancement layer 92n compensate for those 
supplied from the p-type cladding layer 91, similarly to the 
5 tenth embodiment. Therefore, the quantity of carriers stored 
in the first current blocking layer 93 having a low carrier 
concentration is reduced. 

The first current blocking layer 93 having a low carrier 
concentration is kept in a depleted state due to such reduction 

10 of the quantity of carriers stored therein, whereby electric 
capacitance generated between the first current blocking layer 
93 having a low carrier concentration and the p-type cladding 
layer 91 can be reduced for sufficiently increasing the 
operating speed of the semiconductor laser device. Thus, the 

15 high-frequency characteristic of the semiconductor laser 
device is improved in this embodiment . 

Fig. 32 is a diagram showing the results of measurement 
of a cutoff frequency of the semiconductor laser device shown 
in Table 15 with variation of the thickness t of the n-type 

20 depletion enhancement layer 9 2n. In this case, the carrier 
concentration of the n-type depletion enhancement layer 92n 
is 5 X 10" cm"^. 

The cutoff frequency, 200 MHz when the semiconductor 
laser device is formed with no n-type depletion enhancement 

25 layer 92n, is gradually improved when the thickness of the 
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n-type depletion enhancement layer 92n is increased, and 
remarkably improved when the thickness t of the n-type 
depletion enhancement layer 92n is in the range of 15 to 35 
nm, as shown in Fig. 32. 
5 The thickness t of the n-type depletion enhancement layer 

92n is set to 25 nm and the carrier concentration thereof is 
varied for measuring the cutoff frequency of the semiconductor 
laser device at each level of the carrier concentration. 
Consequently, it is proved that the cutoff frequency is 
10 remarkably improved when the carrier concentration of the 
n-type depletion enhancement layer 92n is in the range of 3 . 5 
X 10" to 8 X 10" cm"\ 

(16) Sixteenth Embodiment 

A semiconductor laser device according to a sixteenth 
15 embodiment of the present invention is now described. 

The structure of the semiconductor laser device 
according to the sixteenth embodiment is similar to that shown 
in Fig. 29, except the materials, thicknesses and carrier 
concentrations of respective layers. Table 16 shows the 
20 materials , thicknesses and carrier concentrations of the 
respective layers of the semiconductor laser device according 
to this embodiment . 
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Table 16 



Name of 


Layer 


Composition and Name of 
Layer 


Thick 
-ness 
(nm) 


Carrier 
Concent 
-ration 
( cm-' ) 


Nu- 
mer 
-al 






n-GaN Substrate 




IX 10" 


1 






-1- cn^\_i. _i_ 11 y JLi ci jr vZv X. w J_ 11 

Alo.15Gao.85N 


1 onn 


















T?Tn "i Q — 

J_llll_I_ o 


Quantum 

Wt3_L_L 


Quantum Well Layer of 

-'-Ilo.lsVjao.sB'^^ 


5 




15 


slon 
Layer 


Active 
Layer 


Barrier layer of 
Irio.05Gao.95N 


5 




16 






Guide Layer of GaN 


30 




5 




/ 


Cladding Layer of p- 


100 


2X 10" 


91 




/ 


Cladding Layer of p- 

Alg igGao gsN 


900 


2X 10" 


95 




/ 


Depletion Enhancement 
Layer of n-Alo oTGao.gaN 


t 


5X 10" 


92n 




/ 
/ 


First Current Blocking 
Layer Having a Low 
Carrier Concentration 
of GaN 


800 




93 






Second Current 
Blocking Layer of n-GaN 


200 


5X10" 


94 






First Contact Layer of 
p-GaN 


200 


3X10" 


96 






Second Contact Layer of 
p-GaN 


3000 


8 X 10" 


97 






p-Electrode 


300 




12 






n-Electrode 


300 
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As shown in Table 16 , a n-type depletion enhancement layer 
92n formed with Impurity levels (donor levels) of the opposite 
conduction type to a p-type cladding layer 91 is formed between 
the p-type cladding layer 91 and a first current blocking layer 
93 having a low carrier concentration in the semiconductor 
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laser device according to this embodiment . In this embodiment , 
therefore, carriers supplied from the donor levels formed in 
the n-type depletion enhancement layer 92n compensate for those 
supplied from the p-type cladding layer 91, similarly to the 
5 tenth embodiment. Therefore, the quantity of carriers stored 
in the first current blocking layer 93 having a low carrier 
concentration is reduced. 

The first current blocking layer 93 having a low carrier 
concentration is kept in a depleted state due to such reduction 

10 of the quantity of carriers stored therein, whereby electric 
capacitance generated between the first current blocking layer 
93 having a low carrier concentration and the p-type cladding 
layer 91 can be reduced for sufficiently increasing the 
operating speed of the semiconductor laser device. Thus, the 

15 high-frequency characteristic of the semiconductor laser 
device is improved in this embodiment . 

According to this embodiment, the semiconductor laser 
device is so set that the band gap of the n-type depletion 
enhancement layer 92n is smaller than that of the p-type 

20 cladding layer 91 and larger than that of the first current 
blocking layer 93 having a low carrier concentration. The 
n-type depletion enhancement layer 92n according to this 
embodiment also has the function as the intermediate band gap 
layer 80 in the thirteenth embodiment . 

25 In this case, the band gaps of the p-type cladding layer 



85 



91, the n-type depletion enhancement layer 92n and the first 
current blocking layer 93 having a low carrier concentration 
are reduced in this order. Therefore, the band offset between 
the p-type cladding layer 91 and the n-type depletion 
5 enhancement layer 92n is smaller than that between the p-type 
cladding layer 91 and the first current blocking layer 93 having 
a low carrier concentration. Thus, carriers are hardly 
injected from the p-type cladding layer 91 into the n-type 
depletion enhancement layer 92n, and hardly injected into the 

10 first current blocking layer 93 having a low carrier 
concentration either. In this case, further, carriers are 
injected into both of the n-type depletion enhancement layer 
9 2n and the first current blocking layer 93 having a low carrier 
concentration in a divided manner, whereby the quantity of 

15 carriers injected into the first current blocking layer 93 
having a low carrier concentration is reduced. 

As hereinabove described, the quantity of carriers 
stored in the first current blocking layer 93 having a low 
carrier concentration can be further reduced by forming the 

20 n-type depletion enhancement layer 92n also serving as the 
intermediate band gap layer. 

Thus, electric capacitance generated between the first 
current blocking layer 93 having a low carrier concentration 
and the p-type cladding layer 91 can be further reduced in the 

25 embodiment having the n-type depletion enhancement layer 92n 
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also serving as the IntermecLiate band gap layer, whereby the 
operating speed of the semiconductor laser device is further 
improved . 

In the semiconductor laser device according to this 
5 embodiment, the thickness t of the n-type depletion enhancement 
layer 92n having a carrier concentration of 5 x 10^' cm'^ is varied 
for measuring the cutoff frequency of the semiconductor laser 
device at each level of the thickness t. Consequently, it is 
proved that the cutoff frequency is remarkably improved when 
10 the thickness t of the n-type depletion enhancement layer 92n 
is 40 nm. 

In the semiconductor laser device according to this 
embodiment, an undoped layer may be formed between the n-type 
depletion enhancement layer 9 2n and the p-type cladding layer 

15 91. Alternatively, an undoped layer may be formed between the 
n-type depletion enhancement layer 92n and the first current 
blocking layer 93 having a low carrier concentration. In this 
case, an undoped layer made of a material having a larger band 
gap than the first current blocking layer 93 having a low carrier 

20 concentration is preferably formed. In addition, the material 
for the undoped layer preferably has a band gap smaller than 
that of the p-type cladding layer 91 and larger than that of 
the first current blocking layer 93 having a low carrier 
concentration . 

25 In each of the aforementioned tenth to sixteenth 
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embodiments, the donor levels are formed on the depletion 
enhancement layer by doping the same with an n-type impurity. 
In this case, the donor levels formed on the depletion 
enhancement layer are preferably set to such density that most 
5 of the donor levels ionize in a state applying no bias voltage 
voltage . 

While the n-type depletion enhancement layer of the 
opposite conduction type is formed on the region of the p- 
type cladding layer excluding the current injection region 

10 in each of the aforementioned tenth to sixteenth embodiments, 
the n-type depletion enhancement layer may alternatively be 
formed on the current injection region of the p-type cladding 
layer. In this case, however, the thickness of the n-type 
depletion enhancement layer is reduced not to inhibit the 

15 current injection. 

While the reverse conduction type second current 
blocking layer is provided on the first current blocking layer 
having a low carrier concentration in each of the 
aforementioned tenth to sixteenth embodiments, the reverse 

20 conduction type second current blocking layer is not 
necessarily required in the present invention but only the 
first current blocking layer having a low carrier concentration 
may be formed as the current blocking layer. 

While the semiconductor laser device is prepared from 

25 a group III nitride semiconductor, an AlGalnP based 
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semiconductor or an AlGaAs based, semiconductor in each of the 
aforementioned tenth to sixteenth embodiments, the present 
invention is also applicable to other group II I -V, group 1 1 -VI, 
group IV and group IV- IV semiconductors such as GalnAs. The 
5 present invention is particularly effective for a 
semiconductor laser device employing a semiconductor such as 
a group III nitride semiconductor, an AlGalnP based 
semiconductor or an AlGaAs based semiconductor, for example, 
hardly allowing formation of a semi- insulating semiconductor 

10 during epitaxy. 

The principle and the function of the present invention 
are now described in detail. 

It is assumed that e represents elementary electric 
charge, 8^ represents the dielectric constant of a cladding 

15 layer, 8 represents the dielectric constant of a depletion 
enhancement layer, represents the carrier concentration of 
the cladding layer, N represents the carrier concentration of 
the depletion enhancement layer, Eg^ represents the band gap 
of the cladding layer, AE^ represents the valence band 

20 discontinuity at interface of the cladding layer and the 
depletion enhancement layer, and AE^, represents the quantity 
of conduction band discontinuity between the cladding layer 
and the depletion enhancement layer. 

Consider that the cladding layer is of the n type and 

25 acceptor levels are formed on the depletion enhancement layer. 
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as shown in Figs. 33(a) and 33(b). 

Also consider that relation ecN^AE^/(eN) < g^^ - AE^ - AE^ 
holds while satisfying the following condition (1) or (2): 

(1) The cladding layer and the depletion enhancement 
layer have no distortion. 

(2) Each layer is made of a semiconductor having a 
zinc-blend structure and the stacking direction of each layer 
is expressed in the direction of a general formula [OMN] (M 
and N represent arbitrary numbers excluding M = N = 0, e.g., 
the [001] direction and the [Oil] direction) or each layer is 
made of a semiconductor having a wurtzite structure and the 
stacking direction of each layer is expressed in the direction 
of a general formula [HKLO] direction (H, K and L represent 
arbitrary numbers satisfying H + K + L = 0 excluding H = K = 

L = 0, e.g., the [1100] direction and the [1120] direction). 

Fig . 33(a) shows the band structures of the cladding layer 
and the depletion enhancement layer in the case where the 
thickness t of the depletion enhancement layer is about t^ = 

[28,N,AEj'^V(eN) . 

As shown in Fig. 33(a) , the energy of the lowest portion 
(the interface between the depletion enhancement layer and the 
cladding layer) of the conduction band of the depletion 
enhancement layer is equal to that of the lowest portion of 
the conduction band of the cladding layer. Therefore, no 
carriers are stored on the interface between the conduction 
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band of the depletion enhancement layer and that of the cladding 
layer . 

Fig . 33(b) shows the band structures of the cladding layer 
and the depletion enhancement layer in the case where the 
5 thickness t of the depletion enhancement layer is about t^ = 

[2eA(E^, - AEJ/[NCe,N, + 8N)]]'^Ve. 

As shown in Fig. 33(b) , the energy of the highest portion 
(the interface between the depletion enhancement layer and a 
first current blocking layer having a low carrier 

10 concentration) of the valence band of the depletion enhancement 
layer is equal that of the lowest portion of the conduction 
band of the cladding layer. Therefore, all acceptor levels 
of the depletion enhancement layer ionize to supply no carriers 
the current blocking layer having a low carrier concentration . 

15 When the thickness t of the depletion enhancement layer 

is in the range of t^ ^ t ^ te, the quantity of charges stored 
on the interface between the cladding layer and the depletion 
enhancement layer remains unchanged with respect to small 
change of an electric field applied to the interface. In other 

20 words, transient electric capacitance can be approximated to 
zero on the interface between the cladding layer and the 
depletion enhancement layer. Thus, the thickness t of the 
depletion enhancement layer is preferably set in the 
aforementioned range in particular. 

25 When 8^N„AE^/(8N) = E^,, - AE^, t^ = tg. Therefore, it is 
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difficult to set t = t^^ = tg by adjusting the thickness t and 
the carrier concentration N of the depletion enhancement layer. 
In other words, the thickness t and the carrier concentration 
N of the depletion enhancement layer can be more readily set 
5 as the value of Eg^, - AE^, - AE^ is increased beyond the value 
of e,N,AE,/(8N) . 

In a general combination of materials for a cladding layer 
and a depletion enhancement layer employed for a semiconductor 
laser device, is substantially equal to 8, and AE^, is less 

10 than the band gap (Eg^ - AE<, - AE^) of the depletion enhancement 
layer. While s^N^AE^/CeN) may be greater than Eg„ - AE^ - AE^ when 
» N, the relation e^N^AE^/CeN) < Eg^ - AE^ - AE^ can be readily 
satisfied when N » N<, or N is substantially equal to N^. 

While the case were the cladding layer is of the n type 

15 and the acceptor levels are formed on the depletion enhancement 
layer has been considered in the above discussion, a similar 
effect is attained also when the cladding layer is of the p 
type and the depletion enhancement layer is formed with donor 
levels as in the aforementioned embodiments. 

20 When the relation e^N^AE^/CeN) < Eg^ - AE,, - AE^ holds in 

the p-type cladding layer and the depletion enhancement layer 
formed with donor levels, the quantity of charges stored in 
the interface between the cladding layer and the depletion 
enhancement layer remains unchanged with respect to small 

25 change of an electric field applied to the interface if the 
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thickness t is in the range of t^ ^ t ^ tg. In other words, 
transient electric capacitance can be approximated to zero in 
the interface between the cladding layer and the depletion 
enhancement layer. Therefore, the thickness t of the depletion 
5 enhancement layer formed with the donor levels is preferably 
set in the aforementioned range in particular. Further, the 
carrier concentration of the p-type cladding layer and the 
carrier concentration N of the depletion enhancement layer 
formed with the donor levels further preferably satisfy N^, ^ 
10 N. 

When forming an intermediate band gap layer between the 
cladding layer and the depletion enhancement layer as in the 
thirteenth embodiment, conditions on the t^ side are widened. 
When the depletion enhancement layer has the function of the 

15 intermediate band gap layer as in the eleventh and sixteenth 
embodiments, conditions on the t^ and tg sides are widened. 
This appears in the range of the optimum thickness of the 
depletion enhancement layer 8n described above with reference 
to each of the eleventh, thirteenth and sixteenth embodiments. 

20 Neither of the conditions (1) and (2) applies to the 

semiconductor laser device according to each of the twelfth 
and sixteenth embodiments but a potential gradient resulting 
from a piezoelectric field is caused in the cladding layer due 
to distortion. Therefore, the aforementioned relations 

25 cannot be readily guided in these embodiments . 
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Although the present invention has been described and 
illustrated in detail, it is clearly understood that the same 
is by way of illustration and example only and is not to be 
taken by way of limitation, the spirit and scope of the present 
5 invention being limited only by the terms of the appended 
claims . 



